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CHAPTER 1 
INTRODUCTION 
1.1 Object and Scope 
The work presented in this report was undertaken to investigate 
the mode of failure for a reinforced concrete column subjected to several 
reversals of loading to deflections larger than the yield deflection. 
A discussion of the type of fai lure observed during the testing 
of twelve column specimens is included. The discussion emphasizes the need 
to consider the possible reduction in shear strength of reinforced concrete 
members loaded to deflections which correspond to strains in the concrete 
compression zone leading to splitting cracks. 
An analytical model, based on the material properties, was 
developed to simulate the behavior of the specimens during the tests. The 
idealizations for the stress-strain relationship of the concrete used in 
this model were formulated to account for spalling of the shell concrete and 
the reduction in shear strength of a concrete element subjected to large 
compressive strains. The results calculated with this model are compared 
with the monotonic shear-deflection and moment-curvature curves measured 
during the tests. 
~ 
A mathematical model formulated by Karlsson et al (l973)ft was 
used to calculate moment-curvature curves under loading reversals. 
* References are arranged in alphabetical order in the List of References. 
The numbers in parentheses refer to the year of the publication. 
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1.2 Review of Previous Investigations 
A considerable amount of work on the behavior of reinforced con-
crete bui ldings subjected to seismic loading has preceded this effort. 
Investigations of the behavior of reinforced concrete beams, columns, con-
nections, and the materials that consti,tute these members under repeated 
and alternate loading will be discussed in this section. 
The stress-strain behavior of reinforcing steel under stress 
reversals is a function of the virgin properties of the material, the pre-
vious strain history, the rate of straining, the temperature, and the elapsed 
time (aging) between load cycles. After the initial inelastic loading cycle, 
the stress-strain relationship is smooth with no definitive yield point 
(Bauschinger effect). Investigations by Singh et al (1965), Kent (1969) 
and Aktan et al (1973) have shown that Ramberg-Osgood functions based on the 
previous maximum and minimum stress and strain provide a satisfactory approxi-
mation of the stress-strain curve during subsequent stress reversals after 
the yield strain has been exceeded. 
The behavior of concrete under repeated concentric and eccentric 
compressive loading has been reported by Karsan and Jirsa (1969 and 1970). 
An envelope curve and a stress stability limit were found for short column 
specimens subjected to repeated compressive loadi~g. The envelope curve, , \ 
, 
which formed a bound to the repeated loading curves, was similar to the 
stress-strain curve for monotonically loaded concrete cylinders. The inter-
sections of the unloading and reloading curves defined the stress stability 
limit. Repeated loading above this stress level induced incremental strains 
and eventual failure. For the eccentrically loaded specimens, the stress 
stability limit was lower and the envelope curve had a steeper negative 
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slope beyond the strain corresponding to the compressive strength of the 
concrete than those for the concentrically loaded specimens. 
Brown and Jirsa (1971) investigated the behavior of doubly-
reinforced concrete beams subjected to loading reversals. The measured 
shear-deflection curves from these tests indicated a loss in stiffness with 
cycling which was attributed to the Bauschinger effect, shear deformations, 
closure of residual crack openings, and the nonlinear load-slip behavior 
of the anchored longitudinal reinforcement. F9 ilure of their specimens was 
initiated by large shear deformations along nearly vertical planes which 
were not crossed by.stirrups. 
Another series of tests on doubly-reinforced concrete beams, 
reported by Popov et al (1972), also emphasized the importance of deforma-
tions along inclined cracks. The shear resistance of the flexural members 
they tested decreased when subjected to deflections well beyond the yield 
deflection. From these results, the authors concluded that the shear resist-
ance of the concrete should be neglected in critical flexural regions. 
A series of tests on deep spandrel beams by Paulay (1971) also 
indicated the need to prevent a premature shear failure if the beams were 
to develop the ductility required of such members. To avoid these nonductile 
shear failures, Paulay recommended that stirrups be provided to carry the 
full shear load and that the stirrups should be in the elastic strain range 
while carrying this shear. 
Aoyama (1964) reported on the behavior of reinforced concrete 
members subjected to axial load and reversal of bending. His results 
demons,trated a pinching of the shear-deflection curve near the zero load 
axis for specimens with an axial load of approximately one-half the balance 
4 
load. An area of low stiffness near the zero load axis and a decrease in 
stiffness with cycling were also observed by Ikeda (1968) ," Kanoh (1969), 
and Hisada et a1 (1972) in their tests of reinforced concrete members sub-
jected to shear reversals. The importance of the shear span ratio, the 
amount of axial load, and the type of transverse reinforcement on the 
behavior of the test members was emphasized by these investigators. 
Hanson and Conner (1967) and Hanson (1971) have conducted several 
tests of reinforced concrete beam-column joints subjected to inelastic load 
reversals. Their test specimens varied from an isolated beam-column con-
nection to a typical interior joint with beams framing into it from all four 
f. 
sides. The results of these investigations emphasized the need for adequate 
shear capacity, confinement of the concrete, and anchorage of the flexural 
reinforcement within the beam-column joint if the flexural capacity of a 
reinforced concrete frame was to be developed in several successive cycles 
of severe lateral load. 
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CHAPTER 2 
OUTLINE OF EXPERIMENTAL PROGRAM 
Twelve reinforced concrete column specimens were tested under 
loading reversals to deflections larger than the yield deflection . 
. The specfmens represented a column between the points of contra-
flexure above and below a story level (Fig. 2.1). The total length of the 
specimens was 102 in., with 34.5 in. between the load point and the face of 
the central joint (Fig. 2.2). The dimensions of the column cross section 
were 6 x 12 in. and the gross reinforcement ratio was 2.4 percent (four 
No.6 bars). The connection area was 21 in. long with cross-sectional 
dimensions of 18 x 16 in. Pea-gravel concrete and grade 60 longitudinal 
reinforcement were used throughout this investigation. Details of the 
dimensions and the material properties for each specimen are given in 
Appendix A. 
The principal variables of the testing program were (1) the 
amount of axial load, (2) the transverse reinforcement ratio, and (3) the 
required deflection ductility (total deflection divided by yield deflection) 
for each cycle. 
A mark consisting of two numbers separated by a decimal was used 
to designate each specimen. The first number denotes the amount of axial 
l,oad (i n kips) app 1 i ed to the speci mens and the second number represents 
the transverse reinforcement ratio (Table 2.1). 
The specimens were tested in a horizontal position (Fig. 2.2). 
A servoram, that was attached to one end of the specimen, applied an axial 
load to the specimen through a pair of external cables. A pair of hydraulic 
6 
jacks applied a clamping load to hold the central joint motionless. Then, 
the column members were simultaneously deflected in opposite directions 
(Fig. 2.3) with frequent stops (data points) to record applied shear, deflec-
tion, rotation at the joint, and strains in the reinforcing steel. The 
applied deflections followed one of the deflection schedules in Fig. 2·.4. 
(The yield deflection ~ was defined as the deflection corresponding to y 
yielding of the tension reinforcement.) Each cycle of load reversals took 
approximately twenty minutes to complete and Table 2.1 specifies which 
deflection schedule was used for each specimen. 
The shear-deflection curves for both ends of the specimen were 
recorded continuously during the tests on an XV-recorder. At each data 
point, strains in the longitudinal steel at gage points within and adjacent 
to the joint, strains in the stirrups near the joint, and rotation of each 
end over a lO-in. gage length adjacent to the joint were recorded. Details 
of the strain gage locations~ rotation measurements, and data reduction are 
given in Appendix A. 
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CHAPTER 3 
FLEXURAL AND SHEAR STRENGTHS OF THE TEST SPECIMENS 
3. 1 Introductory Rema rks 
This chapter compares the flexural and shear strengths of the test 
specimens. 
The flexural strength is calculated by two different methods. The 
first method follows the procedure recommended by the American Concrete 
Institute Building Code (1971). The second method uses a procedure which 
accounts for strain hardening in the reinforcing steel and allows a higher 
ultimate strain for the concrete than recommended by ACI 318-71. 
The shear strength is calculated from expressions recommended by 
Olesen et a1 (1967) and ACI 318-71. The value derived from these expressions 
is then compared with the shear force required to develop the flexural 
strength of the specimen and the maximum shears recorded during the tests ... 
All of the calculations presented in this chapter used the mean 
value of the dimensions given for the east and west ends of the specimens 
in Appendix A. However, measured load values are presented for both ends 
of the specimens. 
3.2 Flexural Strength 
The flexural strength of the specimens is defined here as the 
u'l t imate moment capac i ty of the cross sect i on shown in Fi g. 3. 1 a. 
The ACI Code recommends that the flexural strength of a member 
shall be based on the.following assumptions: 
(1) a l·inear strain distribution through the section, 
(2) a limiting concrete compressive strain of 0.003, 
8 
(3) no strain hardening in the reinforcing steel, and 
(4) no tensile strength for the concrete. 
Also, equilibrium of forces and compatibility of strains must be satisfied. 
Using these assumptions, the ultimate moment capacity of the 
specimens was calculated as shown in Fig. 3.1b-3.ld. In Fig. 3.lb the· 
concrete strain E in the extreme compressive fiber was set equal to 0.003 
c 
and the strain in the tension reinforcement was set above the yield strain. 
With these two strain values, the depth to the neutral axis c and the strain 
in the compressive reinforcement E' were easily calculated using the linear 
s 
strain assumption. 
The strains in Fig. 3.1b are then converted into the stresses 
shown in Fig. 3. lc. The stress block for the concrete is the one recommended 
by ACI 318-71. The stress in the compression reinforcement is the product 
of the calculated strain and the elastic modulus E of the reinforcement. 
s 
The stress in the tensile reinforcement equals the yield stress. 
These stresses are then multiplied by the appropriate areas to 
obtain the forces shown in Fig. 3. ld. Also, if there is an axial load P 
applied to the specimen, it must b~ included. These forces should add to 
zero. If their sum is not zero, a new guess is made for the strain in the 
tensile reinforcement and the procedure described, above is repeated until 
the sum of these forces is arbitrarily close to zero. The following rules 
are used to adjust the values of strain in the tens i le reinforcement:. 
If P + T - C - C > 0, decrease E 
c s s 
If P + T - C - C < 0, increase E 
c s s 
where 
P = axial force 
T = force in tens i le reinforcement 
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C = force in concrete 
c 
9 
C = force in compressive reinforcement 
s 
Ss = strain in tension steel 
Using this procedure, the values for ultimate moment given in 
column 4 of Table 3.1 were calculated. 
The flexural strength of the specimen was also calculated by an 
alternate procedure which assumed: 
(1) a linear strain distribution across the section, 
(2) a limiting concrete compressive strain of 0.006 (Chapter 4), 
(3) strain hardening in the reinforcing steel, and 
(4) no tensile strength for the concrete. 
In addition ·to these assumptions, mathematical idealizations were 
formulated to represent the stress-strain relationships for the concrete and 
the reinforcing steel. These idealizations will be explained in detail in 
Chapter 6. 
Using these idealizations and the assumptions given above, inter-
action diagrams between the axial load and the ultimate moment, and between 
the axial load and the ultimate curvature were calculated. 
The first step in defining the interaction diagrams is to calcu-
late the ultimate axial load and the plastic centroid of the section. The 
ultimate axial load P is obtained from the following expression. 
u 
where 
P = 0.85fl (bh-A -AI) + f (A +A
'
) 
u c s s y s s 
A = area of tension reinforcement 
s 
AI = area of compression reinforcement 
s 
10 
f' = compressive strength of concrete 
c 
f = yield stress of reinforcement y 
b = width of compressive face of member 
h = overa 11 thickness of member 
The plastic centroid is defined as the centroid of the transformed 
section and the distance c from the extreme compressive fiber to the plastic p 
centroid is calculated from the following expression. 
O.BSf' (bh-A -AI) .!:!.+ A'f d
' 
+ A f d 
c = ______ c_______ s __ s __ ~2----s--y~-----s--y~ 
p . p 
u 
(3.2) 
where 
d = distance from extreme compressive fiber to centroid of 
tension reinforcement 
d l = distance from extreme compressive fiber to centroid of 
compression reinforcement 
With these two quantities defined, addition·al points for the 
interaction diagrams are found by the procedure shown in Fig. 3.2a-3.2d. 
In. Fig. 3.2b, the strain in the extreme concrete compressive fiber 
is set equal to the assumed limiting strain of 0.006 and the strain in the 
tension r~inforcement is set equal to the yield strain. These two values 
define the strain distribution which is converted into the stresses shown 
i,n Fig. 3.2c. These conversions are ma·de through the idealizations of the 
stress-strai~ relationships for the conctete and reinforcing steel given 
in Chapter 6. The stress distributions are then multiplied by the appro-
priate areas to o~tain the forces in Fig. 3.2d. 
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The sum of the forces in Fig. 3.2d give the axial load P which 
acts at the plastic centroid and the summation of the moments of these 
forces about the plastic centroid give the ultimate moment M. These two 
quantities, which define a point on the interaction diagram, are calculated 
from the following expressions. 
P = C + C - T 
s c 
and 
M = T(d-c ) + C (c -d
'
) + C (c -yc) p s pcp (3.4) 
where 
c = distance from extreme compressive fiber to neutral axis 
y = distance from extreme compressive fiber to centroid of 
concrete compressive force divided by c. 
The curvature ¢ corresponding to this axial load is found from 
the following expression. 
E: 
c ¢ =-
c 
Changing the value for the strain in the tension reinforcement will yield 
additional points and the process is repeated until enough points are 
obtained to adequately define the interaction diagrams. 
A typical result is shown in Fig. 3.3 for specimen 40.033A. 
Since the applied axial load is known, the corresponding values for the 
ultimate moment and curvature can be easily obtained from these diagrams. 
12 
Similar diagrams were formed for all of the specimens and the results for 
ultimate moment are given in column 6 of Table 3.1. 
It should be noted here that additional interaction diagrams can 
be obtained for other values of limiting compressive strain for concrete. 
A comparison of the two methods presented in this section for 
calculating the flexural strength of the specimens is given by column 8 of 
Table 3.1. This comparison indicates that when a higher limiting strain 
for the concrete and strain hardening in the reinforcement are used, there 
is approximately a 5 percent increase in the calculated flexural strength 
of the specimens with an axial load of one-half the balance axial load and 
a 15 percent increase in the specimens without an axial load. Since the 
flexural strength of'a member is often used to determine the design shear 
for that member, the 15 percent increase in the specimens without an axial 
load is quite significant. To test the reliability of ' the two values for 
ultimate moment presented here, the moments are reduced to corresponding 
shear values. Then, in~the next section, these shears are compared with 
the maximum shears measured during the tests. 
The shears requirep to produce the flexural strength of the 
specimens are given in columns 5 and 7 of Table 3.1. These values were 
found by dividing the calculated ultimate moments'by the shear span. ,Due 
to the P-~effect, this procedure is correct only for the specimens with no 
I 
I axial load and the calculated values for the specimens with an axial load 
l are larger than the actual required shears. However, this error is less than 10 percent for the dimensions of the specimens and the magnitude of 
the axial load used in this investigation. It should be noted that the 
values in columns 5 and 7 of Table 3.1 are listed simply as index values 
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to the calculated strength of the specimens. In making quantitative compari-
sons of measured and calculated strengths in Chapter 6, p-~ effects are taken 
into account. 
3.3 ·Shear Strength 
The shear strength of the specimens can be interpreted as being 
composed of contributions from the concrete and the transverse reinforcement. 
Accord i ng ly , 
v = V + V 
U C S 
(3.6) 
where 
V = shear strength of member 
u 
V = shear assigned to concrete 
c 
V = shear assigned to transverse reinforcement. 
s 
The contribution of the concrete to the shear strength of a member 
is usually taken as the shear required to produce inclined cracks. The 
following expression proposed by Olesen et al (1967) was used to calculate 
the shear contribution from the concrete. 
where 
M 
cr 
M 
V 
V 
c 
= flexural cracking moment 
= shear span 
(3.7) 
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The values obtained from Eq. 3.7 are given for all of the specimens in 
column 6 of Table 3.2. Calculation of the flexural cracking moment used 
in Eq. 3.7 is explained in Chapter 6. 
The contribution of the transverse reinforcement to the shear 
strength of the specimens was obtained from the fol lowing expression 
recorrrnended by ACI 318-71. 
where 
V =.9..A f 
s s v ys 
s = spacing of stirrups 
A = cross sectional area of stirrup legs 
v 
f = yield stress of transverse reinforcement. ys 
(3.8) 
The values obtained from Eq. 3.8 are given in column 7 of Table 3.2 and t 
total shear strength of each specimen, as calculated by Eq. 3.6 and 3.7, 
given in column 8 of Table 3.2. 
A comparison between the shear strength of the specimens and th 
shear required to produce the flexural strength calculat~d in Section 3.2 
is given in columns 9 and 10 of Table 3.2. (Recall that the values for t 
shear required to develop the flexural strength of the specimens were cor 
vativ'e for the specimens with an axial load.) This comparison indicates 
most of the specimens had a calculated shear strength larger than the cal 
lated values for ultimate shear due to flexure . Therefore, these specime 
were expected to be capable of undergoing large inelastic deflections wi; 
suffering a decrease in shear capacity. The specimens with a shear strer 
just below the calculated ultimate shear due to flexure were expected to 
! 
1 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
J 
I 
I 
I 
I 
I 
1 
J 
15 
develop their flexural capacity, but were not expected to be able to develop 
large inelastic deflections without a decrease in shear-carrying capacity. 
The calculated shear strengths of the specimens and the two values 
for the calculated ultimate shear due to flexure are all compared with the 
maximum value of shear measured during the testing of each specimen in 
Table 3.3. The values of the measured shears given in Table 3.3 have been 
corrected for the p-~ effect. This correction was easy to calculate since 
the axial load and load-point deflection were both known. 
Column 5 of Table 3.3 indicates that most of the specimens had a 
shear strength greater than the maximum applied shear. This result is 
similar to the comparisons made in columns "9 and 10 of Table 3.2 and the 
same conclusions can be drawn. 
The comparisons between the maximum applied shear values and the 
calculated ultimate shears due to flexure indicate that the alternate 
procedure for obtaining the flexural strength is more reliable than the 
procedure recommended by ACI 318-71. This is especially true for the speci-
mens without an axial load. Also, the shears values obtained from both 
procedures are well below the measured values for the specimens with a trans-
verse reinforcement ratio greater than or equal to 0.01. This is due to 
better confinement of the concrete which raises the ultimate moment capacity 
of these specimens. 
16 
CHAPTER 4 
BEHAVIOR 
4.1 Introductory Remarks 
The observed behavior of the test specimens is presented in this 
chapter. Visual observations of cracking and spalling of the-concrete ~s 
well as the measured loads, deflections, rotations and steel strains discussed 
in Chapter 2 are used to describe the behavior of the specimens during the 
tests. Explanations of each of these various observa·tions .and measurements, 
as well as the relationships between them are given here. Also, the mode of 
failure experienced by the specimens is presented and disc~ssed. The discus-
sion of the mode of failure is intended to serve as a basis for clarifying 
certain observations or measurements recorded during the tests. 
However, before discussing the mode of failure, the measured shear-
deflection curves recorded for each specimen are presented· because they give 
a good indication of both the behavior of a specimen and the type of fai lure. 
4.2 Measured Shear-Deflection Curves 
The measured relationships between applied shear and load-point 
deflection give an overall indication of the behavior of each specimen. These 
relationships are plotted in Fig. 4.la through z for both ends of all the 
specimens tested in this investigation. A general description of each curve 
is 'not presented here although certain characteristics common to all speci-
mens are discussed. The correlations between variations in the primary 
variables used in this investigation and changes in the recorded shear-
deflection curves are also presented. 
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Most of the curves in Fig. 4.1a through z illustrate two typical 
characteristics: (1) a decrease in stiffness with cycling, and (2) a range 
of low stiffness in the hysteresis loop near the zero load axis. Both of 
these characteristics are related to the amount of transverse reinforcem~nt. 
Many of the shear-deflection relationships in Fig. 4. la-4. lzalso 
indicated a reduction in strength with cycling. In general, the rate of this 
strength reduction was lower in the specimens with a higher transverse 
reinforcement ratio. This can be seen by comparing the shear-deflection 
curve for the east ends of specimens 00.033 and 00.067 in Fig. 4.1g and 4.1q. 
For the specimens with a transverse reinforcement ratio of 0.0147, there was 
no indication of a decrease in strength with cycling (Fig. 4. lw-4. lZ). 
A comparison between specimens with and without an axial load 
indicated the following for specimens with the same transverse reinforcement 
ratio. 
(1) During cycles with the same ratio of maximum deflection 
to yield deflection, the specimens without an axial load 
suffered a more rapid decrease in strength with each 
complete cycle of load reversals. This can best be seen 
by comparing the shear-deflection relationships for 
specimen 40.048 in Fig. 4.1j and 4.1k with those for 
specimen 00.048 in Fig. 4.1m and 4. In. 
(2) The specimens with axial loads had higher yield and 
ultimate shear capacities. 
(3) The strain hardening slope in the shear-deflection 
curves beyond yield was steeper for the specimens 
without an axial load. 
18 
The ratio of the maximum deflection per cycle to the yield deflec-
tion also had a significant effect on the reduction in shear strength with 
cycling. This correlation is quite apparent in the shear-deflection relation-
ship for the west end of 40.048 in Fig. 4.1k. When the ratio of maximum 
deflection to yield deflection was two, there was no indication of a loss in 
strength. However, when this ratio was increased to four, there was a 
. significant reduction in strength during each complete cycle. 
4.3 Modes of Failure -. .. ;::. 
The fai lure mechanism observed in the specimens included yielding 
of the transverse reinforcement, spalling of the shell concrete, and destruc-
tion, as a result of repeated abrasion, of the concrete along inclined 
cracks. These three events were all related to the inclined cracks which 
formed in the specimens, so the term "shear" was used to designate the mode 
of fai lure. However, the fai lures reported here should not be confused with 
the typical shear failures observed during one-directional loading tests. 
As shown by Fig. 4.1a-4.lz, all of the specimens were able to develop their 
flexural yield capacity and undergo inelastic deflections without suffering 
a sudden decrease in shear capacity. The specimens that did fail suffered a 
continual decrease in shear capacity as they were subjected to successive 
cycles of inelastic load reversals. 
A summary of the material properties, mode of fai lure, and number 
of inelastic cycles of load reversals preceding fai lure are presented in 
·Table 4.1 for each specimen. Only the two specimens with a transverse 
reinforcement ratio of 0.0147 were able to undergo the prescribed deflection 
schedule without failing. However, care must be taken when extracting 
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additional information from Table 4.1 because of the two different deflection 
schedules used in this investigation and the definition of failure. 
The applied deflections at the ends of the specimens were controlled 
to prevent a sudden failure when the ultimate load capacity of the specimen 
was exceeded. For this type of loading, a set of rules was required to define 
failure. A specimen was considered to have failed if 
(1) it experienced a significant decrease in shear capacity 
as the deflection increased, 
(2) it was unable to develop fifty percent of its original 
shear capacity when.subjected to the same maximum 
deflection, or 
(3) the observed damage of the specimen indicated that 
further testing might lead to buckling of the specimen 
(applied only to specimens with an axial load). 
The failures that occurred in many of the specimens contradicted 
the comparisons given in Chapter 3 between the maximum measured shears 
applied to the specimens and their calculated shear strength which indicated 
that most of the specimens should have been able to develop large inelastic 
deflections without suffering a loss in shear capacity. The contradiction 
between observed and predicted behavior was caused by a change in the shear-
resisting mechanism of the specimens when they were loaded into the inelastic 
range. A discussion of this change in the shear-resisting mechanism and the 
resulting decrease in shear capacity with cycling is presented in Chapter 5. 
4.4 General Cracking Pattern 
The crack patterns observed in the specimens duri~g the test 
basically consisted of a large number of intersecting flexure-shear cracks, 
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spalling cracks in the compressed concrete, and splitting cracks along the 
tensile reinforcement. The development of the basic crack pattern is illus-
trated in Fig. 4.2. The first cracks to occur were short vertical cracks near 
the central joint area. As the deflection and load continued to increase, 
inclined cracks extended out from the vertical cracks, splitting cracks 
formed along the tension reinforcement, and longitudinal cracks formed in 
the compressed concrete. As the deflection was increased beyond the yield 
deflection, the longitudinal cracks in the compressed concrete grew in size 
and number until most of the shell concrete in the compression zone near the 
joint had spalled off. When the direction of loading was reversed, the same 
sequence of events occurred. Variations in this general pattern were caused " 
by changes in the amount of transverse reinforcement and the presence of an 
axial load. 
As the percentage of transverse reinforcement increased, the 
following trends were observed: 
(1) The region of inelastic behavior (hinging zone) 
extended over a smaller area. 
(2) The inclined cracks were concentrated near the central 
joint and became more steeply inclined with respect to 
the longitudinal axis of the specimen. 
(3) The spalling of the shell concrete and the dowel splitting 
cracks extended over a shorter length of the specimen. 
All three of these trends can be seen from photographs of specimens 
40.033, 40.067 and 40.147 in Fig. 4.3a, b, and c. 
Axial load hindered the opening of inclined cracks and closed 
flexure-shear cracks opened in the previous half-cycle. In the specime~s 
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with no axial load the flexure-shear cracks usually opened wider and the 
cracks formed in the previous half-cycle did not always close when the load 
was reversed resulting in the formation of nearly vertical cracks which were 
continuous through the total depth of the specimens as illustrated in Fig. 4.4 
for specimen 00.105. This phenomenon tended to increase the length of the 
range of low stiffness in the shear-deflection relationships discussed in 
Section 4.2. 
(a) Load at Inclined Cracking 
As mentioned in the previous section, the inclined cracking load 
is often considered to be a good measure of what fraction of the total shear 
capacity is provided by the concrete. 
Two methods of determining the inclined cracking load were used. 
One was visual observation of the cracks as shown' in Fig. 4.5 for specimen 
40.092. Even with a single explicit geometric definition of the inclined 
crack, this procedure tended to result in an overestimate of the critical 
inclined cracking load for the manifest reason that the observation followed 
the appearance of the crack with a finite lag depending on the size of the 
load increments and the initial width of the crack. 
The other procedure, which gave results that were considered to 
be more satisfactory, used the measured relationship between the applied 
shear and measured stirrup strain as shown in Fig. 4.6. Typically, as the 
shear is increased in the first quarter cycle (negative shear in .Fig. 4.6}, 
there should be little response in the stirrup strains until the formation 
of the inclined cracks at V. Thus, by definition, the inclined cracking 
c 
load is set at approximately 10 kips. Similarly, the inclined cracking 
load is set at approximately 8 kips in the opposite direction. (Reduction 
22 
of the inclined cracking load in the second direction of loading was not 
typ i ca 1 . ) 
Table 4.2 gives the values for the inclined cracking load observed 
visually and through the strain gage readings. Table 4.2 shows that the values 
obtained through visual observations were higher. 
Calculated values of the inclined cracking load for-the specimens 
were obtained from Eq. 3.7 and are compared with the observed values in 
Table 4.2 and Fig. 4.7 and 4.8. Equation 3.7 is satisfactory for predicting 
the inclined cracking load of the specimens with an axial load, but Fig. 4.8 
indicates that it is unconservative for specimens with no axial load. To 
improve this, the second term in Eq. 3.7 was multiplied by 0.6. 
where 
v 
c 
= 
M 
cr + 0.6 b d 1fT M _ d c 
V 2 
V = shear assigned to concrete 
c 
M = flexural cracking moment 
cr 
M V = shear span 
(4. 1 ) 
d = distance from extreme compressive fiber to centroid 
of tension reinforcement 
b = width of compressive face of member 
f' = compressive strength of concrete. 
c 
This expression gives a satisfactory lower bound as shown by Fig. 4.8. 
(b) Limiting Concrete Compressive Strain 
Spalling'of the shell concrete was a very significant event which 
altered the behavior of the test specimens. Therefore, the value of the 
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strain in the extreme concrete compressive fiber when spal1ing occurs, 
referred to here as the limiting concrete compressive strain, is a valuable 
index quant i ty. 
Severe spalling of the shell concrete as shown in Fig. 4.9 for 
specimen 40.147, was the best indication of when the strain in the extreme 
concrete fiber exceeded the limiting compressive strain. To find the strain 
in the extreme concrete fiber which corresponded to the observation of spal1-
ing, a linear strain distribution was assumed through the depth of the 
specimen as shown in Fig. 4.10. This linear strain assumption is not strictly 
valid because a nonlinear distribution would be expected due to the geometry 
of the loading and the strain concentrations in the compression zone caused 
by the inclined cracks. However, the linear strain assumption is acceptable 
for an approximate determination of the average compressive strains within 
the compression zone before spalling occurs. 
As shown by 4.10, if the strains in the compression reinforcement 
s' and the tension reinforcement s are obtained from the strain gages 
s s 
mounted on the longitudinal bars, the compressive strain s in the extreme 
c 
concrete fiber can be computed. Using this procedure, the values for the 
compressive strain in the extreme concrete fiber corresponding to the 
observation of spalling were obtained and are listed in column 3 of Table 4.3. 
Spa11ing of the shell concrete did not occur until the applied 
load-point deflection exceeded twice the measured yield deflection and if 
a specimen was subjected to deflection schedule B, which included several 
cycles of load reversals with maximum deflections less than or equal to 
twice the yield deflection, the visual determination of when spalling occurred 
was very difficult. This was especially true for the specimens without an 
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axial load or a low level of axial load. Therefore, values of limiting 
concrete compressive strain are not reported for these specimens. 
A comparison of the eight values for limiting strain that are 
reported indicates that the values from the two specimens without an axial 
load (00.105 and 00.147) are too low. This can be explained by the observa-
tion made at the beginning of this section that the inclined cracks were 
relatively wider in the specimens without an axial load. Therefore, the 
assumption of a linear strain distribution is not satisfactory for these 
specimens. Disregarding these two values, the average of the remaining six 
values, corrected to one significant figure, for the limiting concrete com-
pressive strain is 0.006. This is the value that was used for the analytical 
calculations presented in Chapter 2 and Chapter 6. 
4.5 Readings from Strain Gages on the Reinforcement 
A summary of the strains recorded in the longitudinal and trans-
verse reinforcement through etched foil strain gages attached to these bars 
is presented in this section. These strain readings are very useful in 
interpreting the behavior and eventual failure of the specimens. 
The locations of the strain gages are shown in Fig. 4.11 and a 
description of the type of strain gages used in this investigation is given 
in Appendix A. 
(a) Strains in Transverse Reinforcement 
The strains recorded from the gages attached to the stirrups were 
often directly related to certain visual observations and" gave a good indica-
tion of when the specimen started to fail. Typical examples of these corre-
lations between the recorded strains in the stirrups and other observed 
phenomenon are given below. 
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The relationship between applied deflection and stirrup strain 
during the first quarter-cycle of loading for specimen 00.105 is shown in 
Fig. 4.12. At points A, B, C and D there are significant changes in this 
relationship which are directly related to other observations. 
At point A, the first inclined cracks were observed. Prior to 
this point almost all of the applied shear had been carried by the concrete 
and the stirrup had accumulated only a small amount of strain. However, 
after the inclined cracks had formed, the stirrup started carrying a higher 
percentage of the applied shear and there was a corresponding increase in 
the strain rate. 
At point B, the measured shear-deflection curve indicated that the 
specimen had yielded. Beyond this point the applied shear stayed almost 
constant as the deflection continued to increase and consequently, the strain 
in the stirrup did not change. 
At point C, the first longitudinal splitting and spalling cracks 
were observed in the compressed concrete. After this observation the 
stirrup started accumulating strain at a very rapid rate even though the 
applied shear did not change appreciably. These observations indicated 
that there must have been a change in the shear-carrying mechanism of the 
specimen. This change is discussed in detail in Chapter 5. 
At point D, the strain in the stirrup exceeded the yield strain. 
Consequently, small inc~eases in the load being carried by the stirrup 
caused large increases in the strain due to the low stiffness of the stirrup 
after it yielded. 
Yielding of the stirrups usually corresponded to the start of the 
reduction in shear capacity observed in most of the specimens. The reason 
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for this correlation is demonstrated by the relationship between stirrup 
strain and deflection for specimen 40.067 (Fig. 4.13). During the cycles 
... 
with a maximum deflection equal to the yield deflection (0.55 in.) or twice 
the yield deflection (1.10 in.), the stirrups did not yield and there was 
no indication of a reduction in shear capacity. However, during the second 
half of the first cycle with a maximum deflection of four times the yield 
deflection, the stirrup did yield and in each successive cycle there was a 
cumulative increase in strain. This increase in strain meant that the 
inclined cracks were opening wider in each successive cycle and as the width 
of the inclined cracks increased there was a corresponding decrease in shear 
strength and stiffness of the member. 
Another example of this cumulative increase in strain with cycling 
is shown in Fig. 4.14 for specimen 25.033. For this specimen, the stirrup 
yielded during the cycles with a maximum deflection of twice the yield 
deflection. 
Only the specimens with a transverse reinforcement ratio of 0.0147 
were able to undergo several cycles with a maximum deflection of four times 
the yield deflection without the stirrups yielding. A typical example is 
shown in Fig. 4.15 for specimen 00.147. 
The increase in stirrup strain for each successive cycle depended 
on the amount ofaxi a 1 load and the transverse reinforcement ratio. The 
relationship between the increase in stirrup strain and the axial load is 
shown in Fig. 4.16. Higher axial loads retarded the opening of wide cracks 
and consequently reduced the increase in stirrup strain in each ~uccessive 
cycle. The relationship between the increase in stirrup strain and the 
transverse reinforcement ratio is shown in Fig. 4.17 and 4.18. Both of 
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these figures demonstrate that an increase in the transverse reinforcement 
ratio reduced the increase in stirrup strain between successive cycles. 
(b) Strains in the Longitudinal Reinforcement 
A better understanding of the flexural behavior of the specimens 
was obtained by observing the strains recorded in the longitudinal 
reinforcement. 
The relationship between deflection and strain in the tension 
reinforcement for specimen 40.147. during the first quarter-cycle of loading 
is shown in Fig. 4.19. This relationship is linear up to the yield point 
where there is a sudden jump in the strain recorded in the tension reinforce-
ment. Beyond this point the relationship is agajn almost linear, but at a 
different slope than before yield. This type of behavior is directly related 
to the stress-strain relationship for the longitudinal steel given in Appen-
dix A. The sudden increase in the recorded strain at yield and the slope 
of the strain-deflection curve beyond yield correspond to the zero-slope 
and the strain-hardening portions of the stress-strain curve, respectively. 
The relationship between the applied deflection and the measured 
strain in the compression reinforcement for specimen 40.147 is shown in 
Fig. 4.20. The strain in the compression steel increases at a very low rate 
up to a deflection fo approximately 2.3 times the yield deflection which 
corresponds to the visual observation of spalling. Beyond this point the 
strain in the compression reinforcement increases at a much higher rate 
because the reinforcement is forced to carry the load that was formerly 
carried by the concrete fibers which have now spalled off. 
By combining the strains recorded in the longitudinal steel with 
the linear strain assumption shown in Fig. 4.10, a relationship between the 
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calculated depth to the neutral axis and the applied deflection can be 
obtained (Fig. 4.21). Before yield, the depth to the neutral axis was 
approximately 0.43 times the effective depth. When the tension reinforce-
ment yielded, the neutral-axis depth decreased to approximately 0.3 times 
the effective depth and stayed there until spalling of the compressed concrete 
was observed. After spalling, the depth to the neutral axis increased in 
association with the higher rate of strain in the compression reinforcement. 
The relationships between the applied deflection and the strains 
in the longitudinal steel for. a specimen with no axial load, specimen 00.105, 
are given in Fig. 4.22 and 4.23. A comparison between these relationships 
and those for specimen 40.147 in Fig. 4.20 and 4.21 indicates that the strains 
in the tension steel are quite similar for both specimens, but the strains 
in the compression steel are considerably loWer in the specimen without an 
axial load. Also, the increase in the strain rate for the compression steel 
after spalling is observed is considerably lower for specimen 00.105. 
As was done for specimen 40.147, the strains recorded in the 
longitudinal reinforcement for specimen 00.105 are used to obtain the 
relationship between neutral-axis depth and the applied deflection (Fig. 4.24),. 
Again, this relationship is similar to the one for specimen 40.147 in Fig~ 
4.21. However, the calculated depths to the neutral axis are generally 
lower ·than those for specimen 40.147 and there is no sudden increase in the 
neutral-axis depth after spalling. 
·Another comparison between the .flexural behavior of specimens 
with and without an axial load is given in Fig. 4.25 and 4.26 .. These two 
figures show the relationships between applied shear and measured strain of 
a longitudinal reinforcing bar in specimens 40.147 and 00.147. The curve 
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in Fig. 4.25 indicates that the longitudinal bar under consideration in 
specimen 40.147 was strained in tension during the first quarter-cycle of 
loading. Then, when the load was reversed the bar quickly unloaded and 
started carrying all of the compressive force required for equilibrium until 
the flexural cracks opened in the previous half-cycle closed at point A~ 
Between points A and B the concrete carried some of the compressive force 
and, consequently, the strain rate of the longitudinal bar was significantly 
reduced. 
At point B, the shell concrete spalled, forcing the longitudinal 
steel to carry the compressive force formerly carried by the shell concrete. 
In subsequent cycles, the shear vs strain relationship was fairly smooth 
with the strain varying between limits of (-0.005) and (+0.025). 
The curve in Fig. 4.26 indicates that the longitudinal bar under 
consideration for specimen 00.147 was strained in compression during the 
first quarter-cycle of loading. Point A represents the visual observation 
of spalling. Beyond this point the bar experienced a considerable increase 
in strain. When the load was reversed, the bar was strained in tension. 
During subsequent cycles of loading the shear-strain curve was very smooth 
and the strain varied between limits of 0.005 and 0.030. 
A comparison of Fig. 4.25 and 4.26 indicates the'difference in 
the average axial strain for specimens with and without axial loads. Axial 
load closed the flexural cracks that had been opened in the previous half-
cycle and, consequently, the longitudinal bars experienced a net compressive 
strain. In the specimens without an axial load, the flexural-cracks opened in 
the previous half-cycle were not closed when the load was reversed and, conse-
quently, the longitudinal bars were not strained to a net compressive strain 
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after their first loading in tension. These strain measurements confirm the 
visual observations made in Section 4.4. 
(c) Strains within the Joint 
The strains recorded in the longitudinal reinforcement at gage 
poin~ adjacent to and within the joint indicated that the anchorage conditions 
with i n the j 0 i n t were sat i sf ac to ry . 
The magnitude of the bond stresses developed within the joint and 
how these stresses changed as the deflection range was increased can be 
obtained from the strain gage readings (Fig. 4.11). The deflection-strain 
relationships for a gage within and one adjacent to the joint for specimen 
40.067 are given in Fig. 4.27 and 4.28. The readings from the strain gage 
within the joint (Fig. 4.27) indicated the following. 
(1) The net strain in the longitudinal steel at the centerline 
of the joint changed from tension to compression and 
then back to tensi,on every half cycle. 
(2) The strain at this point on the bar never exceeded one-
third the yield strain. 
(3) The maximum strain per cycle did not increase signifi-
cantly when the maximum deflection per cycle increased. 
(4) The bond conditions did not deteriorate with cycling. 
The readin"gs from the strain gage at a point adjacent to the joint 
(Fig. 4.28) indicated that there was only one sign change for strain in each 
half cycle and that an increase in the deflection range caused a correspond-" 
ing increase in the strain limits per cycle. 
An estimate"of the maximum average bond stresses within the joint 
was made as follows. The maximum strains recorded in the longitudinal 
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reinforcement during each cycle were converted to stresses through the average 
stress-strain relationship for the longitudinal reinforcement given in Appen-
dix A. These stresses were then substituted into the following expression. 
where 
u = 
avg 
(f . - f .) Ab 
Sl SJ 
Pb £ .• IJ 
u = average bond stress 
avg 
Ab = bar area 
Pb = bar perimeter 
£. . = distance between gages i and j 
IJ 
(4.2) 
f . - f . = change in steel stress between gages i and j. 
s I SJ 
The use of the one-directional loading stress-strain relationship to convert 
the recorded strains into stresses is not strictly correct because the bar 
has been cycled into the inelastic at the gage points adjacent to the joint. 
However, at the maximum deflection for each cycle the strain in the bar is 
well beyond the yield strain so the magnitude of the error incurred using 
this procedure is quite small. 
Equation 4.2 was used to compute the maximum average bond stresses 
given in Table 4.4 for the eight specimens with gages inside the core and 
Fig. 4.29 indicates how these stresses changed as the deflection range was 
increased. Changes in the amount of axial load and the transverse reinforce-
ment ratio did not significantly affect the maximum bond stresses within 
the joint. 
4.6 Relationships' Between Deflection, Rotation and Curvature 
In this section, relationships between the applied deflection and 
the measured rotations and curvatures near the central joint are presented. 
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The measured rotations over a lO-in. gage length adjacent to the 
central joint were obtained by comparing the relative displacement between 
points at the face of the joint and points on a reference line 10 in. from 
the face of the joint (Fig. 4.30). At any point during the test, the 
measured rotation e was computed from the following expression 
e = (4.3) 
d d' 
where 
o. = relative displacement between the face of the 
I 
joint and a point on a reference line lO-in. 
from the face of the joint 
d = distance from the extreme compression fiber to 
the centroid of the tension reinforcement 
d l = distance from the extreme compression fiber to 
the centroid of the compression reinforcement 
d - d l = 8 in. 
The measured. values of rotation obtained from Eq. 4.3 included contributions 
from bar pull-out as well as contributions from elastic and inelastic 
deformation over the 10-in. gage length. 
The measured values of curvature were obtained by combining the 
measured values of strain in the longitudinal steel at a r.eference line 2in. 
from the face of the joint with the linear strain assumption as shown in 
Fig. 4.10. 
Accordingly, 
e: 
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¢ = measured curvature 2 in. from face of joint 
S = measured strain in tension reinforcement 
s 
s' = measured strain in compression reinforcement 
s 
(a) One-Directional Loading 
The relationship between the applied deflection and the measured 
rotation during the first quarter cycle of loading for specimen 40.147 is 
shown in Fig. 4.31. This relationship can be idealized by two lines with a 
change in slope at the observed yield point. The change in slope is caused 
by inelastic deformations within the 10-in. gage length used to measure 
rotation. 
Deflection-rotation relationships for the first quarter cycle of 
specimen 00.147 and 40.033 A are shown in Fig. 4.32 and 4.33. The relation-
ship for specimen 00.147 is almost identical to that for specimen 40.147. 
This implies that the axial load does not significantly affect the amount of 
inelastic behavior within the 10-in. gage length. However, the deflection-
rotation relationship for specimen 40.033A has a lower slope beyond the 
observed yield point which indicates that a smaller percentage of the ine1as-
tic deformations is contained within the 10-in. gage length for the specimens 
with a lower transverse reinforcement ratio. This confirms the relationship 
between observed changes in the general cracking pattern and the transverse 
reinforcement ratio discussed in Section 4.4. 
The relationship between applied deflection and measured curvature 
for specimen 40.147, 00.147 and 40.033A are given in Fig. 4.34, 4.35 and 
4.36. All three relationships show a rapid increase in curvature at deflec-
tions larger than the yield deflection and a comparison between these 
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relationships indicate that they are functions of both the axial load and the 
transverse reinforcement ratio. 
Figure 4.31 through 4.36 demonstrate the -necessity of a clear 
definition of the term ductility when applied to the behavior of reinforced 
concrete elements because the values of the deflection ducti lity, rotation 
ducti lity and curvature ductility for the same load-point deflection are 
significantly different. 
(b) Reversed Loading 
The deflection-rotation relationship during eleven cycles of 
load reversals for specimen 40.067 is given in Fig. 4.37. This specimen 
was subjected to loading routine B and the effect of the change in deflection 
range is quite apparent. During the first two cycles the relationships were 
almost a straight line, but when the deflection range was increased in 
subsequent cycles, the line became a narrow loop. The formation of a loop 
in the deflection-rotation relationship indicates inelastic deformations 
within the 10-in. gage length after cycle two. 
As in the one-directional relationships, there was a change in the 
slope of the relationship between deflection and rotation as the deflection 
range increased. The slope of the line representing cycles 1 and 2 indicated 
that the rotation within the 10-in. gage length accounted for 62 percent of 
the applied deflection. In cycles 3-8 this rotation accounted for 75 percent 
of the deflection and in cycle 9 it accounted for 86 percent of the deflec-
tion. Similar values are given in Table -4.5 for all of the test specimens 
and Fig. 4.38 indicates how the relationship between rotation and deflection " --j 
changed as the deflection range increased. This further indicates that most 
of the inelastic deflections were concentrated within the 10-in. gage length 
as expected. 
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After the load was reversed two or three times in cycles with large 
load-point deflection values, the damage due to inclined cracks within the 
10-in. gage length started to affect the deflection-rotation relationship. 
Shear deformations started to dominate the total deformations and this 
resulted in a smaller rotation at the same deflection limit as shown in· 
Fig. 4.39 for specimen 00.105. The reason for the decrease in rotation at 
the reference line 10 in. from the face of the joint is illustrated by 
Fig. 4.40a and 4.40b which represent pure flexural and pure shear deformations 
whithin the 10-in. gage length, respecti:vely. Figures4.40a and 4.40b clearly 
show that the rotation at the reference line would tend to decrease when 
shear deformations started becoming more influential. This situation is 
illustrated in Fig. 4.41a and 4.41b which show the southeast face of speci-
men 00.105 at the maximum load-point deflection values during cycles one and 
four, respectively. The difference in the type of deformation within the 
10-in. gage length is quite apparent. 
4.7 Bar Slip 
The amount of bar slip and rotation at the face of the joint due 
to bar slip were estimated from the measured strains in the longitudinal 
reinforcement and the measured displacements at the level of the reinforce-
ment between the face of the joint and a reference point 10 in. from the 
joint. 
The total displacement measured between point A (Fig. 4.42), at 
the face of the joint, and point B, 10 in. from the joint, included contri-
butions from elastic elongation of the bar and bar slip. The portion of 
the total displacement due to elastic elongation was calculated ?y assuming 
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a linear variation in strain along the bar from a maximum value at the face 
of the joint to zero at the load point (Fig. 4.42). (The real strain dis-
tribution along the tension reinforcement is irregular with peak strains at 
points where the bar is crossed by flexure cracks and lower strain between 
the cracks. However, the assume linear distribution of strain is acceptable 
for the calculations presented here.) The linear strain assumption, combined 
with the strain measured in the reinforcement at a point 2 in. from the face 
of the joint, was sufficient to define the strain at any point along the bar. 
Therefore, the elongation of the bar between point A and B, which equals the 
area under the strain distribution over the lO-in. gage length, was easily 
calculated. The bar slip was then found by subtracting the calculated 
elongation of the bar from the total measured displacement between points A 
and B. 
Relationships between the calculated slip and measured strains in 
the tension reinforcement (up to the yield strain) are shown in Fig. 4.43 
and 4.44 for specimens 40.147 and 00.105. Both relationships indicate that 
the slip increases ~t an increasing rate as the tensile strain increases. 
The change in the rate of slip was caused by the transformation of the section 
at the face of the joint from an uncracked state, to a partially cracked, 
and then to a fully cracked condition. 
The relationships between slip and tensile strain for all of the 
specimens are given in Fig. 4.45. The same general trends observed in 
Fig. 4.43 and 4.44 can be distinguished .. The relationships in Fig. 4.45 
also indicate that the magnitude of the slip at yield of the tension 
reinforcement varied between 0.02 and 0.03 in. for the No.6 bars used as 
longitudinal reinforcement in this investigation. 
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The rotation over the 10-in. gage length due to slip can be found 
by a procedure similar to that used to find the magnitude of the slip. The 
total measured rotation over the 10-in. gage length, discussed in Section 4.6, 
included rotation due to flexural deformations plus rotation due to bar slip. 
To find the portion of the total rotation due to flexural deformation, -the 
curvature was assumed to vary linearly from a maximum value at the face of 
the joint to zero at the load point. The value of curvature at a section 
2 in. from the face of the joint, obtained through the procedure explained 
in Section 4.6, was then used to find the area under the curvature distribu-
tion over the 10-in. gage length. The rotation due to flexural deformations 
is equivalent to this area. 
Relationships for the total rotation and the rotation due to flexural 
deformations versus the applied shear are given in Fig. 4.46 and 4.47 for 
specimens 40.147 and 00.147. The difference between the two curves in each 
figure represents the rotation due to bar slip. As with the measured slip, 
the rotation due to slip increases at an increasing rate as the applied shear 
increases. 
A procedure similar to the method used to find the slip of the 
tension reinforcement can be employed to find slip of the compressive reinforce-
menta The elastic shortening is found by assuming a linear strain distribution 
along the bar. The area under this assumed distribution over the 10-in. gage 
length equals the elastic shortening which can be compared with the measured 
shortening at the level of the reinforcement to determine the compressive 
slip. Relationships for the calculated elastic and the measured shortening 
versus the measured compressive strain adjacent to the joint are given in 
Fig. 4.48 and 4.49 for specimens 40.147 and 00.067. The difference between 
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the measured and the calculated elastic shortening should equal the compres-
sive sl ip. Both Fig. 4.48 and 4.49 indicate that the compressive slip 
increases to a maximum value at a measured compressive strain of 0.0015 and 
then decreases as the strain continues to increase. The irregular behavior 
shown in Fig. 4.48 and 4.49 may be caused by an error in the procedure for 
calculating the elastic shortening. Due to inclined cracking, it is reason-
able to assume that the compressive strain distribution is more uniform over 
the 10-in. gage length than given by the previously assumed linear strain 
distribution. If the elastic shortening was calculated from the more uniform 
strain distribution, given by the broken line in Fig. 4.50, the difference 
between the curves representing the elastic shortening and the measured 
shortening would be reduced at low strains. At higher strains, the outer 
concrete fibers started spalling off. Consequently, the assumed linear 
relationship between strain and displacement was no longer correct. There-
fore, the data presented here do not warrant any conclusions about compressive 
slip except that it is quite small and could be neglected without incurring 
an appreciable error. 
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CHAPTER 5 
FAILURE MECHANISM 
5. 1 I nt roductory Rema rks 
Observations of the strains in the transverse reinforcement which 
were reported in Chapter 4 indicated that there was a palpable change in the 
shear-carrying mechanism of the test specimens when the applied deflections 
exceeded the yield deflection. A discussion of this change in the shear-
carrying mechanism and the associated failure is presented in this chapter. 
5.2 Change in Shear-Carrying Mechanism 
The assumed shear-carrying mechanism of the specimens after the 
formation of inclined cracks is shown in Fig. 5.1. A free body diagram of 
that section of the specimen outside an idealized flexural-shear crack indi-
cates that shear transferred across the crack consists of contributions from 
the compressed concrete above the crack, stirrups crossed by the inclined 
crack, aggregate interlock or friction forces along the crack, and dowel 
forces from the tension reinforcement. The magnitude of shear carried by 
these shear-carrying elements and how the relative contribution of these 
elements changed as the test proceeded is discussed in the following 
s ubsect ions. 
(a) Shear Carried by the Transverse Reinforcement 
The shear carried by the transverse reinforcement was derived from 
the strains measured in the strain gage attached to the stirrups. Accordingly, 
n 
v = A I function (E .) 
s v VI 
(5.1) 
i=l 
where 
v 
s 
A 
v 
n 
r . 
VI 
function 
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shear assigned to transverse reinforcement 
cross sectional area of stirrup legs 
number of stirrups crossed by one inclined crack 
tensi le strain measured in stirrup i 
function for converting measured stirrup strains 
into stresses. 
The usefulness of Eq. 5.1 depends on how well the strain gages measure the 
actual strains in the stirrups, the accuracy of the function for converting 
measured strains into stresses, and the method of determining how many 
stirrups are crossed by a particular inc1i~ed crack. 
Appendix B contains a discussion of the accuracy of the strain 
readings and .the useful range of strains for the etched foil gages used in 
this investigation. However, even if the strain measurements are very precise, 
the strains recorded at the gage locations are not necessari ly equal to the 
strain in the stirrup where it is crossed by an inclined crack. As shown in 
Fig. 5.2, the strain gages were all attached at the mid-height of the stir-
rups, but an inclined crack could cross the stirrup at any point throughout 
its height. Any bond developed along the stirrup between the gage point and 
the point where it is crossed by an inclined crack would alter the strains at 
the two points. 
Stocker (1970) and Keuning (1962) have conducted pull-out tests on 
plain wires and their results indicated an average bond stress of 330 psi 
could be expected for 5,000 psi concrete at an age between 8 and 10 days. 
Tests on older specimens (66 days) by Stocker yielded higher average bond 
stresses due to the increased lateral pressure caused by shrinkage. If an 
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average bond stress of 350 psi is assumed for the plain No.2 stirrups used 
in this investigation (age of concrete on the day of testing varied from 27 
to 160 days), a change in force of 0.5 kip per in. along the stirrup (2 legs) 
would result. This is approximately 10 percent of the yield capacity of each 
stirrup. Tests by Abrams (1913) indicated that at small slips the same bond 
stresses are obtained for plain and deformed bars although at larger slip 
values, the bond stresses for the deformed bars will increase while that 
for plain bars will decrease. If an .initial average bond stress of 350 psi 
is assumed for the deformed No.3 stirrups, a change in force of 0.8 kips 
per in. along the stirrup would result. This is less than 10 percent of the 
yield capacity of the stirrup. Fortunately, the stirrups near the central 
joint area were usually crossed by several inclined cracks (Fig. 5.3), so 
the strain measured at the gage location was assumed to give a satisfactory 
value for the average strain throughout the height of the stirrup. 
The assumed function for converting measured stirrup strains into 
stresses is shown in Fig. 5.4 and 5.5. An elastic modulus of 29,000 ksi 
was assumed up to a stress equal to the mean yield stress of the stirrup 
reinforcement reported in Appendix A. At all higher strains, the stress was 
assumed to be equal to the mean yield stress. Data points from the measured 
stress-strain curves for the stirrup reinforcement test bars are plotted in 
Fig. 5.4 and 5.5 to indicate th~ accuracy of the stress-strain conversion 
functions in the· range of strains under consideration. 
The number of stirrups crossed by an inclined crack depended on 
the spacing of the stirrups, but the relationship between these two quanti-
ties was not linear. As discussed "in Chapter 4, the slope of the inclined 
cracks with respect to the longitudinal axis of the specimens increased as 
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the stirrup spacing decreased. However, a quantitative comparison of the 
relationship between the slope of the inclined cracks and the spacing of 
stirrups cannot be formulated because the average slope of the inclined 
cracks within the same member depended on the location of the crack. Inclined 
cracks originating from a flexural crack near the joint were steeper than the 
inclined cracks originating from flexural cracks further from the joint. 
Therefore, it was assumed in Eq. 5.1 that only two adjacent stirrups were 
crossed by the same, inclined crack for any stirrup spacing. This assumption 
is not correct ina 11 cases, but it does provi de a means for demonstrat i ng 
the change in the shear-carrying mechanism of the specimens when they are 
subjected to deflections larger than the observed yield deflection. 
The measured strains in the stirrups, similar to those shown in 
Fig. 4.12, are now substituted in Eq. 5.1 to obtain relationships between 
the applied deflection and the shear carried by the stirrups. One such 
relationship is shown in Fig. 5.6 for specimen 00.105. The upper curve 
indicates the relationship between the total shear applied to the specimen, 
and the applied deflection. The lower curve shows the relationship between 
the shear carried by the stirrups (Eq. 5;1) and the applied deflection. The 
shaded area between the two curves represents that part·of the total shear. 
carried by the compressed concrete, friction forces and dowel forces. These 
two curves and the area betweep them provide a good indication of how the' 
shear-carrying mechanism of the specimens changed as the applied deflection 
was continuously increased. 
The following general observations can be made for the relationship 
shown in Fig. 5~6. First, the stirrups did not carry any shear until the 
first inclined cracks formed at a deflection of about one-fifth the yield 
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deflection. Second, after the inclined cracks formed, virtually all of the 
increase in shear beyond this point was absorbed by the stirrups and the 
total contribution of the compressed concrete, friction forces and dowel 
forces stayed constant for deflections up to and just beyond the observed 
yield deflection (yield of the longitudinal reinforcement). Third, as the 
deflections increased well beyond the observed yield deflection, all of the 
shear being carried by the compressed concrete, friction forces and dowel 
forces, as well as any increase in applied shear due to strain hardening of 
the longitudinal reinforcement, was transferred to the stirrups. 
The relationships between the measured shears and the applied 
deflection for specimen 00.147 are shown in Fig. 5.7. These relationships 
are quite similar to those for specimen 00.105 in Fig. 5.6 although the 
amount of shear attributed to the stirrups for specimen 00.147 at the observed 
yield is too low. This result implies that more than ·two adjacent stirrups 
should have been considered for this specimen before yielding of the longi-
tudinal steel. However, the results in Fig. 5.7 indicated a definite change 
in the shear-carrying mechanism of the specimen when the deflection was 
increased to values greater than 1.5 times the yield deflection. In both 
specimens 00.105 and 00.147, virtually all of t~e shear applied to the 
specimen was being carried by the stirrups at deflections greater than 2.5 
times the yield deflection. 
The same general trends observed in the specimens without an axial 
load can be seen in the relationships between the measured shears and applied 
deflection for the axially loaded specimens. A good example is shown in 
Fig. 5.8 for speci~en 40.147. 
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A basic difference between the relationships shown in Fig. 5.8 
for specimen 40.147 and those shown in Fig. 5.6 and 5.7 for specimens without 
an axial was that the shaded area, which represents the load being carried 
by the compressed concrete, friction forces and dowel forces, did not reduce 
to an insignificant value when the applied deflection was increased to .three 
or four times the yield deflection. There is a change in the relative 
magnitudes of load being carried by the stirrups and the other three shear-
carrying elements in Fig. 5.1, but the change in the shear-carrying mechanism 
of this axially loaded specimen was not of the same proportions as it was 
for the specimens without an axial load. 
(b) Shear Carried by the Compressed Concrete 
The change in the shear-carrying mechanism demonstrated in Fig. 5.6 
through 5.8 can be explained in terms of the response of concrete subjected 
to combined compression and shear. 
Consider the idealized case of a beam subjected to monotonically 
increasing deflection (Fig. 5.9). After the formation of the inclined 
cracks, the shear transferred across plane ABC must equal the applied shear 
and it has been assumed in Fig. 5.1 that, at least before the onset of 
splitting and spalling cracks, a finite part of the applied shear is carried 
by the concrete. 
As the applied deflection continues to increase, the strains 
in the compressed concrete will approach the strain corresponding to the 
compressive strength of the concrete and .microcracks will form (Richart et al 
1928 and Hsu et al 1963). Additional increases in the applied deflection 
and strain eventually·causes a reduction in the compressive strength of the 
individual concrete fibers due to the growth of the microcracks and it 
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follows that the shear strength of these fibers will also decrease. There-
fore, because the shear transferred across plane ABC must remain equal to the 
applied shear, the change in the shear-carrying mechanism indicated by Fig. 5.6 
through 5.8 will be initiated. The transfer of shear from the concrete to 
the stirrups continues until the strain in each concrete fiber exceeds the 
limiting strain discussed in Chapter 4. 
The above indicates that the term V in Eq. 3.6 
c 
V = V + V 
u c s 
(3.6) 
begins to decay as soon as strains in the compressed concrete exceed the 
strain at which splitting is initiated. 
(c) Shear Carried by Friction Forces and Doweling 
The amount of shear carried by the friction (aggregate interlock) 
forces and dowel forces also changed as the applied deflection increased. 
The shear resistance from friction forces is developed by a 
transverse displacements parallel to the direction of an inclined crack, so 
no friction forces are present until an inclined crack has formed and some 
motion has taken place along the crack. 
The magnitude of the friction forces is primarily a function of 
the normal forces acting across the inclined crack and the coefficient of 
friction between the two surfaces as shown by the following general expression 
for friction forces. 
F = II N (5.2) 
46 
where 
F friction force 
~ = coefficient of friction 
N = normal force 
From the data gathered during this investigation, it was not 
possible to determine a value for the amount of shear carried by friction 
forces. However, Eq. 5.2 indicates that the axially loaded specimens should 
have developed higher friction forces than the specimens without an axial 
load. 
A comparison of the relationships between the measured shears 
and the applied deflection for specimens 00.147 and 40.147 in Fig. 5.7 and 
5.8 has indicated that the amount of shear attributed to the compressed 
concrete, friction forces and dowel forces (shaded area) was considerably 
larger for specimen 40.147 at a deflection equal to three times the yield 
deflection. The only difference between these two specimens was the axial 
load, but the amount of shear carried by both the compressed concrete and 
the friction forces should have increased. 
An investigation by Fenwick and Paulay (1968) into the magnitude 
of aggregate interlock forces indicated the importance of crack width which 
is essentially the same result as predicted from Eq. 5.2. As discussed in 
Chapter 4, the presence of an axial load hindered the opening of wide inclined 
cracks. Therefore, the axially loaded specimens, which had a higher normal 
force acting across the inclined cracks and, consequently, had narrower 
inclined cracks, were able to carry more shear through friction forces along ':." I 
the inclined cracks than the specimen without an axial load. 
As shown in Fig. 4.21 and 4.24 for specimens 40.147 and 00.105, 
. the depth to the neutral axis was larger for the axially loaded specimens, 
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so the area of compressed concrete available to resist shear was increased. 
Therefore, the amount of shear carried by the compressed concrete was larger 
for the axially loaded specimens. However, the relative increases in the 
amount of shear carried by the compressed concrete and the friction forces 
due to the application of an axial load to a specimen cannot be determined. 
Dowel forces are developed through bear"ing of the longitudinal 
reinforcement on the concrete and like the friction forces, they did not 
contribute to the shear resistance of the specimen until inclined cracks had 
formed. Beyond this point, the dowel forces continued to increase until 
splitting cracks formed along the longitudinal reinforcement as shown in 
Fig. 5.10. After the splitting cracks occurred, the stiffness of the dowel 
resistance decreased significantly. The change in stiffness meant that the 
shear formerly carried by the'dowel forces was absorbed by stiffer shear-
resisting elements. 
5.3 Effect of Load Reversals 
When the load was reversed, the same events described in the 
previous section are repeated. Inclined cracks were formed and as the applied 
deflection was increased beyond the yield deflection, splitting and spalling 
cracks formed in the compressed concrete and splitting cracks formed along 
the tension reinforcement (Fig. 5.11). These events resulted in a change 
in the shear-carrying mechanism of the specimen similar to the change that" 
occurred in the first half of the loading cycle to a deflection of four times 
the yield deflection. 
After the completion of a one full cycle to maximum deflections of 
four times the yield deflection in each direction, the shell concrete had 
been spalled off both the top and bottom and only the core was left to resist 
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the applied shear. A comparison between the maximum applied shears and the 
shear capacities of the gross section and the core only for all of the speci-
mens are given in Table 5.1. The calculations for the shear capacity of the 
core are based on the dimensions given in Fig. 5.·12 and the following expres-
sion from ACI 318-71 which was used to find the value for the shear assigned 
to the concrete. 
where 
N 
V c = 1.9 b d (1 + 0.0005 AU) ~ 
g 
b = width of compressive face of the member 
d = distance from extreme compressive fiber to centroid 
of tension reinforcement 
N = axial load normal to the cross section occurring 
u 
simultaneously with V 
u 
A = gross area of section g 
f' = compressive strength of concrete. 
c 
(5.3) 
In Eq. 5.3, A was set equal to the gross area of the core shown in Fig. 5.12. g 
Column 10 of Table 5.1 indicates a 20 to 25 percent decrease in the 
total shear capacity between the gross section and the core and column 9 
indicates that after one cycle to a maximum deflection of four times the 
yield deflection in each direction, several of the specimens were left with 
a shear capacity well below that required to develop their flexural capacities. 
(It is shown in Chapter 6 that spalling of the shell concrete did not signi-
ficantly affect the flexural capacity of the specimen.) However, the simple 
comparisons of shear strength and applied shear given in column 9 only 
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indicated which specimens would fail and were not satisfactory for deter-
mining which specimens would not fail when subjected to several successive 
cycles with maximum·deflections well above the yield deflection. 
The reason for this difference between the calculated and the 
actual shear strength of the specimens after several ~cles with a maximum 
deflection of four times the yield deflection in each direction can be 
explained by Fig. 5.13. After one complete cycle, the core was crisscrossed 
by inclined cracks which transformed the concrete into a group of angular 
blocks (Fig. 5.l3a). During the next few cycles, unless a close enough 
spacing of stirrups was provided, repeated abrasion caused by motions along 
and across the inclined cracks would tend to transform the angular blocks 
into a closely packed arrangement of rounded blocks (Fig. 5.l3b). As the 
cycling continued, the smaller blocks within the core would pop out or be 
crushed, leaving the loosely packed arrangement of rounded blocks shown 
in Fig. 5.l3c. Two typical examples which demonstrate this destruction of 
the core concrete are shown in Fig. 5.14 and 5.15 for specimens 00.105 and 
40.033A. 
The loosely packed blocks of Fig. 5.l3c are not as efficient in 
resisting shear through friction forces as the angular blocks of Fig. 5.l3a 
and they could not provide the reistance required to develop the full 
capacity of the stirrups. The last point must be emphasized because all of 
the loads applied to a reinforced concrete beam or column are carried by 
the concrete and unless the concrete stays intact, the yield stress of the 
reinforcement cannot be developed. Therefore, it is impractical to design 
the stirrups to ca~ry all of the shear that will be applied to a member if 
no special provisions are provided to prevent the destruction of the concrete. 
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The results of this investigation indicated that a stirrup spacing 
of less than or equal to one-fourth the effective depth of the gross section 
was required to prevent destruction of the concrete within the core after the 
shell concrete had spalled off. 
5.4 Summa ry 
It has been shown in the previous sections that a change in the 
shear-carrying mechanism occurred when the specimens were subjected to 
deflections compatible with strains in compressed concrete leading to split-
ting cracks. The primary reason for this change was a transfer of shear 
from the concrete to the stirrups. The transfer was caused by a decrease in 
the shear-carrying capacity of the compressed concrete when the individual 
concrete elements in the compression zone were subjected to strain greater 
than or equal to the strain corresponding to the compressive strength of the 
concrete. At these large strain values, micro~racks were formed and as the 
applied deflection (and strains) continued to increase, the microcracks grew 
into splitting and spalling cracks which reduced the shear-carrying capacity 
of the concrete elements. Therefore, because the shear resisted by the 
shear-carrying elements in Fig. 5.1 must remain equal to the applied shear, 
the shear released by the compressed concrete was transferred to the stirrups. 
For the specimens without an axial load, the transfer of shear to the 
stirrups continued until virtually all of the shear was carried by the 
stirrups. For the axially loaded specimens, the transfer of shear was not 
as significant. 
When the load was reversed, the same transfer of shear occurred 
and after the completion of one cycle with maximum deflections of four times 
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the yield deflection in both directions, the shell concrete had spalled off 
both the top and bottom of the specimens and only the core was left to resist 
the applied shear. However, the core was crisscrossed by inclined cracks 
and many of the specimens did not have a close enough spacing of stirrups 
to prevent motion along and across these cracks. Repeated abrasion of the 
concrete caused by these motions resulted in the destruction of the concrete 
within the core and a rapid reduction in the shear capacity of the specimen. 
Only the specimens with a stirrup spacing near the central joint of less 
than or equal to one-fourth the effective depth and a shear capacity of the 
core well above the flexural capacity of the gross section were able to 
survive the loading program of six complete cycles to a deflection equal to 
four times the yield deflection. 
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CHAPTER 6 
ANALYTICAL MODEL 
6.1 Introductory Remarks 
In this chapter a mathematical idealization based on cross-sectional 
properites will be developed to explain the behavior of the test specimens. 
The moment-curvature and force-deflection relationships and the change in 
the shear-carrying mechanism will be reproduced analytically and compared 
with the observed relationships. In its present form, the analytical model 
presented here- can only be used for monotonic loading. However, the observa-
tions reported in Chapter 4 indicated that many significant changes in the 
behavior of the specimens occurred during the first quarter-cycle of loading 
to a maximum deflection of four times the yield deflection. 
In addition, an analytical method proposed by Karlsson (l973~ for 
approximating the moment-curvature relationship of beam-column specimens 
during load reversals, is discussed in Section 6.6. The approximation is 
based on cross-sectional properties. The results obtained with this ideali-
zation are compared with the measured moment-rotation relationships obtained 
during this investigation. 
6.2 Assumed Material Properties 
(a) Stress-Strain Relationship for the Concrete 
The express ions given- in this subsection were used to formulate 
the'idealized stress-strain relationships for confined and unconfined 
concrete as shown in Fig. 6.1. 
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In the region of tensi Ie strains, the stress-strain relationship 
was assumed to be linear. Accordingly, 
and 
where 
f = E £ 
C C C 
f = concrete stress 
c 
E = initial modul us for 
c 
tests of 6 x 12 in. 
£ =. strain in concrete 
c 
f = tensile strength of t 
concrete, 
£ ~ £ ~ 0 
t c 
based on compression 
concrete cylinders 
the concrete, measured from 
splitting tests on 6 x 6 in. concrete cylinders 
(6.1) 
(6.2) 
£t = tensile strain corresponding to the tensile strength 
of the concrete 
In the region between zero strain and the strain corresponding to 
the compressive strength of the concrete, the stress-strain relationship 
was given by·the following expression proposed by Hognestad (1951). 
£ e:: 
f = f' [2 (--.£) - (--.£) 2] o ~ £ ~ e:: (6.3) c c £ e:: c 0 
0 0 
where 
f' = compressive strength of concrete c 
£ = compressive s tra in at ultimate compressive stress 0 
of concrete f' 
c 
., 
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Equation 6.3 will provide a satisfactory approximation of the measured stress-
strain relationship if an accurate value can' be found for the compressive 
strain s corresponding to the ultimate compressive stress. Hognestad used 
o 
the following expression. 
0.85 f' 
So = 2 ( E C) (6.4) 
c 
( 
This is a reasonable approach because the compressive strength and the 
initial secant modulus are easily obtained from the cylinder tests. The 
same procedure was used for the concre~e in this investigation, but the 
constant in Eq. 6.4 was changed to improve the fit with the measured stress-
strain relations~ip. Accordingly, 
(6.5) 
Values of strain obtained from Eq. 6.5 were substituted into 
Eq. 6.3., The results are compared with the stress-strain relationship 
measured during a cylinder test of the concrete for specimen 40.147 in 
Fig. 6.2. 
The behavior of concrete subjected tO,strains greater than the 
compressive strain corresponding to the ultimate compressive stress is not 
as well documented as it is for lower strains. However, investigations by 
Roy (1964), Burdette and Hi lsdorf' (1971), and Kent and Park (1971) have 
provided the following information. 
(1) For strains greater than the strain corresponding to 
the ultimate stress, a distinction must be made between 
confined and unconfined concrete. 
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(2) The amount of confinement may be related to the 
confinement ratio pI' which is given by the follo,..ring 
n 
expression. 
A 
v 
PIt = n i)iT"'5 
A = cross-sectional area of stirrup legs 
v 
bit = least lateral dimension of core 
s = spacing of stirrups 
(6.6) 
(3) For larger confinement ratios, there is a decrease in 
the slope of the stress-strain relationship at strains 
larger than the strain corresponding to the compressive 
strength of the concrete. 
(4) There is a certain minimum confinement ratio required 
before the decrease in slope mentioned above can be 
observed. 
(5) The stress-strain relationships presented by these 
authors indicated that even at very large strains, 
confined concrete was capable of carrying some stress. 
Most of these results have been incorporated into Fig. 6.1. The 
stress-strain relationship for both confined and unconfined concrete is 
assumed to be linear for strains larger than ,the strain corresponding to 
the compressive strength of the concrete. Accordingly, 
f = f I [l - n (e: - e: )] 
c c c 0 
e: ~ e: 
c 0 
(6.7) 
wi th 
and 
where 
n = 
56 
0.50 
E50 - E 0 
b" 
= 0.90 p" 
n s 
1 
"00 
J'Ll~ 
= constant which defines the descending slope of the 
concrete stress-strain curve 
(6.8) 
(6.9) 
E50 = strain corresponding to a stress of one-half the ultimate 
compressive stress on the descending portion' of the 
concrete stress-strain curve 
Equation 6.9 is very similar to the expression suggested by Roy. However, 
his results were based on concentrically loaded specimens, so the coeffi-
cient has been increased from 0.75 to 0.90 to account for strain gradients 
along and across the specimens tested in this investigation. 
Other properties of the stress-strain relationship in Fig. 6.1 
are: 
(1) No increase was assumed in the compressive strength 
of the concrete for all confinement ratios. 
(2) The constant which defines the descending slope of 
the stress-strain curve for the unconfined concrete 
was set at 300. (This value forced the curve to 
intersect the strain axis at a value near the observed 
limiting compressive strain for the shell concrete.) 
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(3) The constant defined in Eq. 6.8 for the descending slope of 
the stress-strain curve for confined concrete was assumed 
to have a maximum value of 200. 
(4) The confined concrete was assumed to be capable of carrying 
a compressive stress of 20 percent of the compressive 
strength at very large strain values. 
The parameters for the idealized stress-strain relationships 
obtained from this procedure are given in Table 6.1. 
(b) Shear Capacity of Concrete vs Compressive Strain 
The concrete in the compression zone of the specimens tested in 
this investigation were subjected to a combination of large compressive 
and shearing stresses. The behavior of the concrete under such conditions 
has been investigated both empirically and analytically by Richart et al 
(1928), Bresler and Pister (1958), Bellamy (1961), Kupfer et al (1969), and 
Karlsson (1971). In their investigations these authors have evaluated 
several different combinations of compression and shear stress and various 
failure criterion. However, their work has been limited to stresses (and 
strains) at or below the ultimate stress in compression or shear and they 
have not investigated the relationship between shear strength and compressive 
strain at strains larger than the strain corresponding to the compressive 
strength of concrete. 
The approximation used in this investigation for the relationship 
between the shear capacity and the compressive strain of the concrete is 
given in"Fig. 6.3. (The actual shear capacity of the compressed concrete 
divided by the shear capacity predicted by Eq. 3.7 is the dependent variable 
and compressive strain is the independent variable.) The relationships 
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given in Fig. 6.3 for confined and unconfined concrete were assumed to be 
proportional to the compressive stress vs compressive strain relationships 
(Fig. 6.1) at strains larger than the strain corresponding to the compressive 
strength of the concrete. 
The relationship for unconfined concrete shown in Fig. 6.3 was 
derived as follows. Consider a concrete element in the compression zone of 
a typical test specimen. At point A in Fig. 6.3, the strain in this element 
equals the limiting strain and the compressive stress carried by the element 
would be reduced to zero (Fig. 6.4). It is reasonable to assume that the 
shear stress carried by the element would also be reduced to zero at this 
strain value (Fig. 6.3). At point B, the compressive stress in the element 
would equal its maximum value (Fig. 6.4) and it is reasonable to assume that 
the shear stress capacity would also equal its maximum value (Fig. 6.3) . 
There is no definite information on the variation of the curve betWeen 
points A and B. Consequently, it was assumed to be linear. 
Between poi"nt B and the point of zero strain, the shear capacity 
of the compressed concrete elements was assumed to be equal to the ultimate 
shear capacity of concrete compression zone predicted by Eq. 3.7. At low 
s tra i ns, th i s as s umpt ion is reasonabl e. However, at s tra i ns near the s tra i n 
corresponding to the compressive strength of the concrete, Hsu et al ()963) 
has noted an increase in the size and number of microcracks in the concrete. 
The increase in microcracking causes the nonlinearity in the stress-strain 
curve for concrete (Fig. 6.4) and it may initiate a decrease in the shear 
capacity of the concrete as indicated by the broken line originating at 
point C in Fig. 6.3. However, no experimental evidence is' avai lable to 
verify this assumption. The shear capacity of confined concrete was treated 
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simi larly: the shear capacity was assumed to vary as the compressive stress 
capac i ty. 
(c) Stress-Strain Relationship for the Longitudinal Steel 
A piecewise linear stress-strain relationship was assumed for the 
longitudinal reinforcing steel. Accordingly, 
where 
f = E E , E ~ E 
S S S S Y 
f = f E ~ E 
" 
Esh s y' y s 
E 
f = fy + 1i (Es - Esh ) , Esh ~ E ~ 0.02 s s 
E 
f = f + 20,000 + ~ (Es - 0.02), 0.02 ~ E ~ 0.04 (6.10) s y s 
E 
f f + 37,000 S (E -0.04), 0.04 , ~ 0.06 = + 65 E s y S s 
E 
f f + 46,000 S (E - 0.06), 0.06 ~ ~ = + 480 E E S Y s s su 
f = f 
s su' 
E > E 
S su 
f = steel stress s 
f = yield stress of s tee 1 y 
f = ultimate strength of steel su 
E = modulus of elasticity of steel s 
E = steel s t ra in 
s 
E = yield" s tra in of stee 1 y 
Esh = strain at which strain hardening commences 
E = strain at which the strength of the steel is obtained 
su 
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1 
1 
i j 
i 
60 
Equation 6.10 was assumed to be symmetrIc about the origin and the elastic 
modulus E was assumed to be 29,000,000 lb. per sq. in. (psi). 
s 
The constants in Eq. 6.10 correspond to units of psi and were 
selected to provide a satisfactory fit of the stress-strain values obtained 
during tests of coupon samples from the longitudinal reinforcement (Fig. 6.5). 
Therefore, Eq. 6.10 furnishes an accurate representation of the stress-strain 
relationship for this particular shipment of steel under monotonically 
increasing load, but it is not recommended for general use. 
6.3 Moment-Curvature Relationship 
In this section, the approximations of the stress-strain relation-
ships for the concrete and longitudinal reinforcement are combined with the 
dimensions of the cross section and the assumption of a linear variation in 
strain across the section to obtain the primary moment-curvature relationship 
for the test specimens. The relationship, which is defined as the moment-
curvature relationship for constantly increasing curvature, provides a good 
indication of the behavior of the section under consideration, even for load 
reversals. 
The particular points corresponding to flexural cracking and 
flexural yield are calculated first and the moment-curvature relationship 
is assumed to vary linearly be~een these points. Points corresponding to 
curvatures larger than the yield curvature are then calculated and joined 
by a smooth curve. 
Flexural cracking was assumed to occur when the stress in the 
extreme tension fiber of the section equaled the tensi le strength of the 
concrete. (The tensile strength of the concrete was assumed to be equal to 
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the tensile strength obtained from splittings tests on 6 x 6 in. concrete 
cylinders.) The following expressions were used to obtain the values of 
moment and curvature at flexural cracking. 
wi th 
where 
At 
n 
c 
M 
cr 
2 It P 
=-h- (f t + A) 
M 
cr 
<Pcr = -E-I-
c t 
t 
= bh + (n-l) (A + AI) s s 
E 
_ s 
-r-
c 
L:M 
0 
= --
At 
2 
L:M = ~ + (n-l) A d + (n-l) Ald l 
o 2 s s 
M = flexural cracking moment cr 
<Pcr = curvature at flexural cracking 
It = transposed moment of inertia about 
the section 
At = transposed area of section 
n = ratio of steel modulus to concrete 
c = distance from extreme compression 
(6. 11) 
(6. 12) 
(6.13) 
the centroid of 
modulus 
fiber to neutral axis 
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LM = summation of moments of inertia about the extreme 
0 
compression fiber 
A = area of tension re i nforcement s 
AI = area of compression reinforcement s 
E = modulus of e 1 as tic i ty, of concrete c 
E = modulus of e 1 as tic i ty of steel s 
p = axial load 
b = width of compression face of member 
h = overall thickness of member 
d distance from extreme compression fiber to centroid of 
tension reinforcement 
d
' 
= distance from extreme compression fiber to centroid of 
compression reinforcement 
f t = tensile strength of concrete, measured from splitting 
tests of 6 x 6 in. concrete cylinders 
Flexural yielding was defined as the point where the strain in the 
tension reinforcement was equal to the yield strain. The values for the 
moment and curvature at this point were 'found by an iterative procedure 
demonstrated in Fig. 6.6a through 6.6d. In' Fig. 6.6b, a trial strain 
distribution is found' by setting the strain in the tension reinforcement 
equal to the yield strain and selec~ing a depth to the neutral axis. These 
two values define the strain at every point in the section. Using the 
assumed stress-strain relationships for the concrete and reinforcing steel, 
the strains in Fig~ 6.6b are converted to the stresses in Fig. 6.6c. Then, 
the stresses are multiplied by the appropriate areas to obtain the forces 
shown in Fig. 6.6d. (If an axial load is applied to the specimen, it must 
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be included in Fig. 6.6d.) The forces shown in Fig. 6.6d should sum to zero. 
If their sum is not zero, the depth to the neutral axis in Fig. 6.6b must be 
adjusted and the procedure described above is repeated. 
When the sum of the forces in Fig. 6.6d is sufficiently clDse to 
zero, the yield moment can be found by summing moments about any conven-ient 
point in the cross section. Choosing the point of application of the axial 
load results in the following expression for the yield moment. 
where 
M = A f (d-c) + AI f' (c -d
'
) + C (c -yc) + T (c -c ) y sy p ssp c p c t P 
C = concrete compression force 
c 
T = concrete tension force 
c 
(6. 14) 
c = distance from extreme compression fiber to centroid of p 
ax i all oad 
yc = distance from extreme compression fiber to centroid of 
concrete compressive force 
distance from extreme compression fiber to centroid of 
concrete tension force 
f = yield stress of longitudinal reinforcement y 
fl = stress in compression reinforcement 
s 
The va lue of curvature- correspondi ng to yie ld of the tens j le rei nforcement 
is obtained from Fig. 6.6b. Accordingly, 
e: 
c 
c 
(6.15) 
where 
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~ = curvature at flexu~al yield ~y 
E = strain in extreme concrete compressive fiber 
c 
To obtain values for moment and curvature at points beyond yield, 
the section was first discretized into a finite number of concrete and steel 
layers (Fig. 6.7).' The width of each concrete layer equaled the width of 
the section and the depth of each layer was specified as a fraction of the 
total depth of the section. The concrete layers were also further subdivided 
into portions of unconfined (shell) and confined (core) concrete. The steel 
layers were simply the total area of steel at each level of reinforcement. 
Particular points for the moment-curvature relationship of the 
section were then obtained through the procedure outlined in Fig. 6.8. As 
shown in Fig. 6.8b, a value of curvature is specified and a guess is made 
for the depth to the neutral axis. These two quantities, combined with the 
assumption of a linear strain distribution, define the strains at the center-
lines of each concrete and steel layer. The stress-strain approximations 
given in Section 6.2 are then used to convert the strains in each layer 
into stresses (Fig. 6.8c) which are multiplied by the appropriate areas 
to obtain the forces in each layer. The forces for all of the concrete 
layers are then summed to obtain the total concrete compression and tension 
forces which are combined with the forces from the reinforcement and the 
axial load applied to the section in Fig. 6.8d. If the forces in Fig. 6.8d 
do not add to zero, a new guess is made for the neutral-axis depth and the 
process is repeated until the sum of the forces is arbitrarily' close to zero. 
The moment corresponding to the assigned curvature is then found by summing 
moments about the point of application of the axial load. Accordingly, 
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A f (d-c) + AI fl (c -d l ) + C (c -yc) + T (c -c ) 
ss p ssp c p c t P 
f = stress in tension reinforcement 
s 
(6.16) 
Addition points for the moment-curvature relationship of the section are 
obtained by selecting new values of curvature. 
Two examples of the moment-curvature relationship obtained from 
this procedure ~re compared with the measured moment-curvature points 
obtained during the testing of specimens 40.147 and 00.147 (Figs. 6.9 and 
6.10). The measured values for curvature were explained in Chapter 4 and 
the measured values of moment are calculated from the following expression 
obtained from Fig. 6.11. 
where 
MA = (V - P sin a) a + (p cos a)~ 
M = calculated moment at face of central joint A 
V = applied shear 
P = axial load 
a = shear span 
~ = applied deflection 
a = angle of rotation of axial load with respect to 
horizontal 
(6.17) 
The comparisons in Fig. 6.9 and 6.10 indicate that (1) the measured 
yield moments were approximately 6 percent larger than the calculated yield 
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moments for these two specimens and (2) the analytical model was unable to 
simulate the strain-hardening slope apparent in the measured moment-curvature 
relationship. These results were typical for the specimens with a higher 
transverse reinforcement ratio as shown by the quantitative comparison 
between the measured and calculated yield and ultimate moments given for all 
of the specimens ih Table 6.2. Column (8) of Table 6.2 indicates that the 
measured and calculated yield moments generally agree within plus or minus 
10 percent, but column (9) indicates that the measured ultimate moments are 
as much as 20 percent higher than the calculated ultimate moments and that 
the error tends to increase as the transverse reinforcement ratio increases. 
The difference between the calculated and measured ultimate moments 
for larger transverse reinforcement ratios can be attributed to the confine-
ment provided by the stirrups. An increase in the transverse reinforcement 
ratio will improve the confinement of the core and, consequently, the ultimate 
moment capacity should increase. However, the spalling of the shell concrete 
when the compressed concrete is subjected to large strains tends to retard 
this increase in moment capacity. Column (5) of Table 6.2, which compares 
measured yield and ultimate moment values, indicates that spalling of the 
shell concrete does not significantly retard the increase in ultimate moment 
capacity for larger t"ransverse reinforcement ratios. However, the ultimate 
moments based on the analytical model given in column (7) of Table 6.2 
indicate that any increase in the ultimate moment due to an increase in the 
transverse reinforcement ratio is essentially offset by the assumed spalling 
of the shell concrete. (It should be noted that for both the calculated and 
measured moments, spalling of the shell concrete did not cause any reduction 
in the flexural capacity of the test specimens.") 
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6.4 Shear vs Deflection Relationship 
In this section the calculated moment-curvature relationships 
obtained in the previous section are used to derive shear vs deflection 
curves which are compared with measured shear vs deflection curves. 
The method used for developing a shear vs deflection curve from 
the moment-curvature relationship is demonstrated in Fig. 6.11 and 6.12. 
For each cantilever end of the specimen, the moment varies linearly from a 
maximum value at the face of the central joint to zero at the load point 
(Fig. 6. 12b). Therefore, if a specific moment is assumed to be acting at 
the face of the joint, the moment at any point along the member is known. 
At a finite number of points, the curvature corresponding to the moments 
acting at those points can be used to obtain an approximation of the 
curvature distribution along the beam (Fig. 6. l2c). Then, the product of 
the area under this approximate curvature distribution and the distance from 
the load point to the centroid of this area will yield the load-point 
deflection corresponding to the assumed moment acting at the face of the 
joint. The values of load-point deflection ~ and moment at the face of 
the joint MA are then substituted into the following expression derived from 
Fig. 6.11, to obtain the corresponding values of net shear. 
where 
v = 
net 
MA - (p cos a) ~ 
a 
v = net applied shear 
net 
MA = assumed moment at face of central joint 
1"\ 
P = ax i all oa d 
(6.18) 
a = shea r spa n 
\ 
68' ~ 
~ = calculated load-point deflection 
a = angle of rotation of axial load with respect to 
horizontal 
By repeating the procedure described above, a sufficient number of points 
required to define· the shear vs deflection rel~tionship for the specimen can 
be obtained. However, before comparing the predicted and measured shear vs 
deflection relationships, the contributions from bar slip and the rigid body 
rotation of the specimens to the measured load-point deflection must be 
considered. 
~ 
As an example, consider specimen 40.147. The load-point deflection 
due to bar slip for this specimen was obtained from the relationship between 
the applied shear and the measured rotation given in Fig. 4.46. The measured 
rotation ·due to bar slip, which equals the difference between the two curves 
in Fig. 4.46, was multiplied by the shear span to find the corresponding 
relationship between net shear and load-point deflection due to bar slip 
given in Fig. 6.13. However, the data from Fig. 4.46 ca~ only be used to 
calculate the relationship between net shear anq deflection due to bar slip 
up to yield. To obtain reliable values for the deflection due to bar slip 
at loads above the yield load, the linear portion of the relationship between 
shear and deflection was extended as shown by the broken line in Fig. 6.13. 
Satisfactory results should be acquired from this procedure because the 
total slip of the bar is almost directly related to the force in the tension 
reinforcement and the force in the bar is approximately proportional to the 
applied shear. Values for the load-point deflection due to bar slip obtained 
from Fig. 4.46 and the extended portion of Fig. 6.13 during the first 
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quarter-cycle of loading for specimen 40.147 are listed in column (4) of 
Table 6.3 . 
The rigid body rotation of the specimen was measured by two dial 
gages over an 18-in. gage length located symmetrically about the vertical 
centerline of the central joint (Fig. 6.14). The rotation measured over 
this gage length was then multiplied by the appropriate distance to obtain 
the load-point' deflection due to rigid body rotation. Values for the 
deflections during the first quarter-cycle of loading for specimen 40.147 
are given in column (5) of Table 6.3 and the relationship between the 
deflection due to rigid body rotation and the calculated moment at the face 
of the joint is shown in Fig. 6.15. (The moments at the face of the joint 
were calculated with Eq. 6.17.) The nonlinearity of the relationship in 
Fig. 6.15 is related to local crushing at the bearing surface of the 
central block. 
The value of deflection due to rigid body rotation and bar slip 
were subtracted from the applied deflections in column (2) of Table 6.3 
to obtain values for net deflection given in column (6) of Table ~.3. In 
Fig. 6.l6a, the calculated and measured shear vs deflection relationships 
for specimen 40.147 are compared up to the yield point. The corrections 
made for deflections due to bar slip and rigid body rotation of the specimen 
substantially improved the fit between the measured (solid line) and ca1cu-
lated (broken line) curves, especially at lower load levels. However, at 
loads approaching yield, the error between the calculated and measured 
curves was larger. Similar comparisons between the calculated and measured 
shear vs deflection relationships prior to yield ~re given in Fig. 6.16b-
6.l6f for the other five specimens for which rigid body rotations were made. 
70 
Again, the corrections for bar slip and rigid body rotation improved the fit 
between the measured and calculated relationships. However, it is apparent 
from the results shown in Fig. 6. l6a-6. 16f that the analytical method used 
here is unable to simulate accurately the measured shear vs deflection 
relationships. The source of the error appears to be in the indirect method 
of calculating the"shear vs deflection relationship from the previously 
calculated moment-curvature relationship because the comparison between the 
measured and calculated moment-curvature relationship for specimen 40.147 
(Fig. 6.9) was satisfactory. 
A comparison between the calculated and measured (corrected for 
bar slip and rigid body rotation) relationships between shear and deflection 
during the complete first quarter-cycle of loading for specimen 40.147 
is given in Fig. 6.17. The agreement between the predicted and measured 
yield shears is satisfactory, but the shapes of the curves are different. 
From the observation that the calculated curvature agrees closely with the 
measured average curvature at the point of maximum moment, the difference 
between the shapes of the two curves in Fig. 6.17 may be ascribed to 
differences in the actual and assumed distribution of curvature along the 
length of the test specimen. The actual maximum curvature at a given 
deflection was higher than the calculated value. 
6.5 Quantitative Analysis of the Change in Shear-Carrying Mechanism 
The change in the shear-carrying mechanism discussed in Chapter 5 
can also be simulated with the analytical model introduced in this" chapter." 
The predicted transfer of shear from the compressed concrete to the stirrups 
is accomplished through the following procedure. 
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(1) The basic moment-curvature and shear vs deflection 
relationships discussed in the previous sections 
are combined to produce a relationship between the 
applied shear and the curvature at a section adjacent 
to the central joint of the specimen. 
(2) Continuously increasing values of curvature (starting 
from a value near zero) are selected and for each 
prescribed curvature, the value of the applied shear 
and the corresponding strain distribution at a section 
adjacent to the joint are both known. 
(3) The applied shears are assumed to be resisted by 
contributions from the concrete and the transverse 
reinforcement. 
(4) The fraction of the total shear carried by the concrete 
is determined as follows. The strain distribution for 
the particular curvature value determines the strain 
in every concrete layer (Fig. 6.8b) and the idealized 
relationship between the shear capacity of concrete and 
the compressive strain is applied to each layer. At low 
curvature values, there is no decrease in the shear 
capacity of the concrete. However, at large curvatures 
the strains in the extreme compressive fibers will 
exceed the strain corresponding to the compressive 
strength of the concrete and the shear capacity of these 
elements will decrease. Consequently, there is a decrease 
in the shear capacity of the concrete from its assumed 
ultimate capacity given by Eq. 3.7. 
v 
c 
= 
72 
M 
cr + bd 1fT 
M d c 
V-2 
(5) The fraction of the total shear assigned to the 
stirrups equals the total applied shear minus that 
portion assigned to the concrete. However, the 
shear assigned to the stirrups was not allowed to 
exceed the assumed ultimate capacity given by 
Eq. 3.8. 
v 
s 
d 
=-A 
s v 
f ys 
(3.7) 
(3.8) 
The calculated relationship between the load-point deflection and 
the shear assigned to the concrete and stirrups for specimen 40.147 is shown 
in Fig. 6.18. The transfer of shear from the concrete to the stirrups 
observed in the measured ~elationship (Fig. 5.8) when the strains in the 
compression zone were large enough to create splitting·cracks in the shell 
concrete is not as apparent in the calculated relationship (Fig. 6.18). A 
direct comparison between the calculated and measured relationships indicates 
that the transfer of shear from the concrete to the stirrups is initiated 
at a lower deflection ratio in the measured relationship and that the 
proportions of the shear transferred is not the same for the measured and 
calculated relationships. However, there is satisfactory agreement between 
the general trend apparent in both relationships. 
The calculated relationship between the load-point deflection and 
the shear assigned to the concrete and stirrups for specimen 00.147 is given 
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in Fig. 6.19. The measured relationship for this specimen is given in 
Fig. 5.7. The general trends in both relationships are similar, but the 
point of initiation and the relative magnitudes of the shear transferred 
do not coincide. The complete transfer of shear from the concrete to the 
stirrups shown in the measured relationship is not predicted by the analytical 
model because the model assigns a certain percentage of the applied shear 
to the core concrete. According to the idealizations in Section 6.2, the 
core concrete is very well confined and it should not suffer any substantial 
decrease in shear capacity. 
Calculated relationships between load-point deflection and shear 
assigned to the concrete and stirrups for specimens 40.033A and 00.033 are 
given in Fig. 6.20 and 6.21. For these two specimens the calculated shear 
and flexural capacities are approximately equal (Table 3.2). Consequently, 
when the applied shear reached the calculated yield shear, the shear assigned 
to the concrete and the stirrups was very near the respective ultimate shear 
capacities of these shear-carrying elements. Therefore, the hypothetical 
decrease in the shear capacity of the concrete at large compressive strains 
resulted in a negative slope in the calculated shear vs deflection relation-
ships because the stirrups were unable to absorb the shear released by the 
concrete. The observed shear vs deflection relationships for specimens 
4O.033A and 00.033 presented in Fig. 4.1a and 4.1g do not indicate such a 
decrease in shear capacity during the first quarter-cycle of loading. How-
ever, these specimens were subjected to load-point deflections of less than 
or equal to four times the observed yield deflection and the predicted 
decrease in shear capacity for the analytical model (Fig. 6.20 and 6.21) 
was not initiated until the calculated deflection was larger than four times 
the calculated yield deflection. 
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The method of calculating relationships between the shear capacity 
of the concrete and the load-point deflection developed for the specimens 
tested in this investigation can also be employed to evaluate the effect 
of changes in (1) the yield stress of the longitudinal reinforcement, (2) 
the amount of tension reinforcement, (3) the ratio between the amount of 
compression and tension reinforcement, and (4) the shear span to effective 
depth ratio. To do this, a simple reinforced concrete member, similar to 
those tested in this investigation, was defined and then each of the 
quantities listed above were varied one at a time whi le the others were 
he 1 d cons tant .. 
The dimensions and material properties of the idealized concrete 
member used for this evaluation are given in Fig. 6.22. Initially, the 
compression reinforcement ratio was set at one-half the tension reinforce-
ment ratio which was set at one-half the balanced reinforcement ratio. The 
balanced reinforcement ratio is defined by the following expression obtained 
from the American Concrete Institute Building Code (1963). 
where 
o .85 k 1 f ~ 
f 
Y 
87,000 
87,000 + f y 
(6. 19) 
Pb = (tension) reinforcement ratio which produces balance 
conditions at ultimate strength 
kl = constant (equals 0.85 for 4,000 psi concrete) 
f' = concrete strength 
c 
f = yi~ld stress of longitudinal reinforcement y 
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To prevent the solution technique from becoming unstable at large deflections, 
a transverse reinforcement ratio large enough to carryall of the shear 
applied to the member was provided. 
The first factor to be varied was the yield stress of the longitu-
dinal reinforcement. All of the other quantities were held at the values 
given in Fig. 6.22 while t~e yield stress was set at values of 40, 60.and 
80 ksi. The effect of the change in the yield stress is shown by the 
relationships between concrete shear capacity and deflection for the three 
different yield levels (Fig. 6.23). The relationships in Fig. 6.23 indicate 
that higher strength steel will cause higher stresses and strains in the 
concrete and, consequently, wi 11 produce a more rapid decrease in shear-
carrying capacity of the concrete. 
The second quantity to be varied was the tension reinforcement 
ratio. Again, the other variables were held at the values given in 
Fig. 6.22 as the tensile reinforcement ratio was set at one-fourth, one-half, 
and three-fourths the balanced reinforcement ratio. The effect of changes 
in the tension reinforcement ratio is shown in Fig. 6.24. As was the case 
for increases in the steel strength for the same tension reinforcement 
ratio, increases in the tension reinforcement ratio for the same steel 
strength produces higher stresses and strains in the concrete and, conse-
quently, the shear-carrying capacity of the concrete decreases at a higher 
rate. 
The next factor to be varied was the ratio between the amount of 
compressi.on and tension reinforcement. Following the same procedure described 
above, the relationships between the shear capacity of the concrete and 
deflection shown in Fig. 6.25 were 9btained. As the amount of compression 
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reinforcement was increased, the percentage of the total compressive force 
carried by the concrete decreased. Therefore, the stresses and strains in 
the concrete and the rate of decrease in the shear-carrying capacity of the 
concrete were lowered. 
The final quantity to be varied was the ratio between the shear 
span and- the effective depth. The relationships between the shear capacity 
of the concrete and deflection for span to depth ratios of 3, 4.5 and 6 
shown in Fig. 6.26 indicate that the shear capacity of the concrete decreases 
faster for larger span to depth ratios. However, the results shown in Fig. 
6.26 are more a reflection of the method used to calculate deflection rather 
than a change in the rate of decrease in shear capacity of the concrete. 
Mattock (1964) and Corley (1966) have shown that for deflections larger 
than the yield deflection, there is a finite spreading of the inelastic 
deformation as shown in Fig. 6.27a. The spread length increases when the 
span to depth ratio increases. However, the relationship between these two 
quantities is not one to one, so the effect of spreading of inelastic deforma-
tions is more pronounced in members with smaller span to depth ratios (Fig. 
6.27b). The assumed curvature distribution used here to calculate end 
deflections (larger than the yield deflection) for a given curvature at the 
fixed end is shown by the broken line in Fig. 6.27b. The curvature was 
assumed to be constant throughout the hinging length and the length of the 
zone of inelastic deformations was calculated with the following expression 
derived from an expression given by Corley for the ratio between the total 
inelastic rotation. and the inelastic rotation in a region extending one-half 
the effective depth from a concentrated load on a simply supported member. 
spread length = d (1 + 0.4 ~) 
'2 Id d (6.20) 
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where 
d = effective depth to tension reinforcement 
a = shear span, distance from point of maximum moment 
to point of zero moment 
It is apparent from Eq. 6.20 and Fig. 6.27b that for the same maximum curva-
ture at the fixed end, and therefore, the same concrete shear capacity, the 
ratio of the total end deflection to the yield deflection wi 11 be larger 
for smaller shear span to effective depth ratios. 
6.6 Moment-Curvature Relationship for Load Reversals 
In this section a description of the approximation proposed by 
Karlsson et al (1973) for predicting the moment-curvature relationship of 
an axially loaded reinforced concrete column is presented and the results 
obtained with this analytical model are compared with the results obtained 
in this investigation. 
(a) Karlsson's Analytical Model 
A program was developed to calculate the moment-curvature 
relationship of a spirally reinforced concrete column. As shown in Fig. 
6.28, the cross section was divided into strips of equal height and for 
each strip, the concrete inside and outside the spiral was designated as 
confined and unconfined, respectively. The depth to each layer of steel 
and the area of steel at that level was also specified. 
The concrete was assumed to have no tensile strength while the 
stress-strain relationship in compression was represented by Eq." 6.3 up to 
the compressive strength of the concrete. The"strain corresponding to 
the compressive strength was given by the following expression. 
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f' 
s =2--.£ 
o E (6.21) 
c 
where 
s = compressive s t ra in at ultimate compressive stress 
0 
for concrete 
fJ = compressive strength of concrete 
c 
E = initial elastic modulus of concrete 
c 
For compressive strains greater than the s tra in given by Eq. 6.21, 
the unconfined concrete was assumed to spall off at a strain of 0.004. 
However, the confined concrete inside the spiral reinforcement was assumed 
to resist a compressive strain equal to the compressive strength at arbitrary 
large compressive strains as indicated by Fig. 6.29. 
A bi linear curve was chosen for unloading from the point of 
maximum stress and strain (f', s ). 
" c max' 
where 
f f' - (s - s ) = c c max c 
7 E f = f' - c (s c Tb c Lf max 
f = concrete stress 
c 
E 
c' 
- E ) 
c ' 
fl 
f > c Lf c 
f' 
f < c 
c 4" 
E = maximum concrete strain in compression 
max 
E = concrete "strain 
c 
(6.22) 
If a concrete strip was reloaded before the stress reaches zero, 
the reloading curve was assumed linear to the previous point of maximum 
stress and strain "as indicated by line Rl in Fig. 6.29. 
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For a strip where the stress had reached zero, the reloading curve, 
line R2 in Fig. 6.29, was assumed linear from the point (0, s ) to the 
r 
previous maximum point (fl, s ). The reloading strain s is given by the 
c max r 
following expression. 
1 
s = - (2 s + s . ) 
r 3 n mIn (6.23) 
where 
s = reloading s t ra in r 
s = s t ra i n at whi ch stress equaled zero on unloading n 
curve 
s = s tra i n at wh i ch load was reversed min 
If the concrete strip was cracked in tension first, the reloading 
curve was assumed linear from the point (0, s ) to the point (0.75 fl, 
r c 
filE) as indicated by line R3 in Fig. 6.29. 
c c 
The following expressions were used to define the primary stress-
strain relationship for the steel. 
f = E s 
s s s 
f = f 
s y 
s f f 4.3 
-0 .-o~o ~~5~5 = 44880 + (44880 ) 
s < Is I < s h y s s (6.24 ) 
S h < Is I s s 
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where 
E = s elastic modulus for steel 
f = steel stress s 
f = yield stress of steel y 
s = steel s t ra i n s 
s = yIe ld strain of s tee 1 y 
ssh = strain hardening strain for steel 
The Ramberg-Osgood function given below was used for subsequent 
load reversals from the inelastic range. 
s - E. f - f. f - f. S 
S I S I 
+ ( S I J = f E f (6.25) 
m m m 
where 
(s. , f. ) = strain and stress in steel at point of load 
I I 
reversa 1 
os 
m' f S = m' cons tants 
From a separate series of tests on No.9 reinforcement bars, the 
following three criteria were selected for determining the constants E , 
m 
f , and S for each load reversal: 
m 
(1) The relationship f Is was fixed at 29,000,000 psi without 
m III 
a noticeable increase in error. 
(2) It was assumed that f is a function of the range of stresses 
m 
reached during earlier load cycles. Specifying a linear relationship, a 
'minimum'error analysis gave: 
(a) loading from compression 
(6.26) 
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maximum previous tensile stress 
(fsc)max = maximum previous compressive stress 
(b) loading from tension 
f - 55426 + 0.418 [( f) - (f) ] 
m st max sc max (6.27) 
(3) The change in stress was specified to reach 110,000 psi when 
the change in strain was nine percent: 
or 
f = 110,000 
s 
f = -110 000 
s ' 
for E = 0.09 - E. 
s· I 
(6.28) 
for E = 0.09 + E. 
s I 
depending on the loading direction. 
The assumed stress~strain relationships given above were combined 
with the assumption of a linear strain distribution across the section to 
calculate the desired moment-curvature relationship" After the maximum 
value of curvature in each cycle is prescribed, the moment is calculated 
for a sufficient number of curvatures between the designated maximum curva-
ture and the previously prescribed value to obtain a continuous relationship. 
For each curvature value, the position of the neutral axis is adjusted by 
an iterative procedure until equil ibrium is attained. 
(b) Measured vs Calculated Moment-Curvature Relationship 
A comparison of the results from the analytical model described 
in Section 6.3, Karlsson1s model, and the measured moment-curvature 
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relationship during the first quarter-cycle of loading for specimen 40.147 
is given in Fig. 6.30. The two calculated moment-curvature relationships 
are almost identical, but both analytical models are unable to predict the 
strain-hardening slope present in the measured moment-curvature relationship. 
The moment-curvature relationship calculated by Karlsson's analyti-
cal model through six cycles of load reversals for specimen 40.147 given in 
Fig. 6.32 can be compared with the measured moment-rotation relationship 
for this specimen given in Fig. 6.31 .. (Measured moment-rotation values were 
. -:-:-~ 
used here instead of moment-curvature values because the strain gages on the 
longitudinal reinforcement were often damaged as the test proceeded and, 
consequently, curvature values could not be calculated.) The general agree-
ment between the calculated and measured relationships is good. However, 
the calculated hysteresis loop is wider and does not exhibit the "pinching" 
observed in the measured hysteresis loop. 
The calculated moment-curvature and measured moment-rotation 
relationships for specimen 40.048 are given in Figs. 6.33 and 6.34. The 
agreement between the measured and calculated maximum moment values is 
satisfactory, but the shapes of the calculated and measured hysteresis loops 
are quite different. The calculated loops (Fig. 6.34) do not indicate any 
"pinching" and are quite stable. However, the measured hysteresis loops 
do have a " p inched" shape (a 1"", stiffness range near the zero load axis) 
and there is a reduction in strength when the specimen is cycled between 
deflection limits of plus and minus four times the yield deflection (corre~· 
sponds to measured .rotation limits of plus and minus 0.045 radians over the 
lO-in. gage length). This reduction in capacity is due to the decrease in 
shear strength with cycling discussed in Chapter 5. 
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It should be noted that Karlsson's tests of spirally reinforced 
concrete columns indicated no appreciable reduction, in flexural strength 
with an increase in the number of load cycles well into the inelastic 
range. Hence, no reduction was predi'cted in the flexural strength with 
cycling through his analytical model. However, there is at least one 
significant difference between the basic conditions for the spirally reinforced 
concrete columns tested by Karlsson and the tied columns tested in this 
investigation. The core concrete in the spirally reinforced concrete 
columns was very well confined, but the core concrete in the test specimens 
reported here was not always.well confined. Therefore, it may be assumed 
that the reduction in compressive strength of the concrete would occur at 
a faster rate in these specimens than in Karlsson's specimens. However, as 
shown by the results of Jirsa and Brown (1971), the effect on flexural 
strength from the expected reduction in concrete strength would not be 
critical because the specimens have equal amounts of tension and compression 
reinforcement. Therefore, the possibility of the reduction in strength of 
the test specimens being attributable to a reduction in flexural strength 
is unlikely., 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
7. 1 Obj ect and Scope 
The main objective of this investigation was to study the behavior 
of reinforced concrete columns subjected to several reversals of loading to 
deflections larger than the yield deflection. 
Twelve reinforced concrete specimens, which represented a column 
between the points of contraflexure above and below a story level, were 
tested under loading reversals (dimensions of the test specimens are given 
in Fig. A.9, material properties in Tables A.l and A.2). In each test, the 
central joint area of the specimens was held stationary while the ends of 
the sp~cimen were loaded simultaneously in opposite directions (Fig. 2.2). 
Each complete loading cycle took approximately 20 minutes. The principal 
variables of the testing program were: (1) the amount of axial load, (2) 
the transverse reinforcement ratio, and (3) the required deflection ducti-
lity (total deflection divided by the yield deflection) for each cycle. 
The behavior of the specimens was observed visually and through 
various load, displacement and strain measurements. Several relationships 
between these various observations were presented and a hypothetical failure 
mechanism was derived. An analytical model was formulated to simulate the 
behavior of the specimens and comparisons were made between the calculated 
and observed behavior. The analytical model was also ·used to analyze the 
effect of changes in the cross-sectional properties on the rate of decrease 
in the shear capacity of the concrete at deflections greater than the 
deflection corresponding to the formation of splitting cracks in the compressed 
concrete. 
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7.2 Observed Behavior of the Specimens 
(1) Several of the specimens suffered a continuous decrease in 
stiffness and shear strength with cycling. The final fai lure of these 
specimens was related to the formation of inclined cracks, spalling of the 
shell concrete, yielding of the stirrups, and abrasive rubbing due to motion 
along inclined cracks. 
(2) The rate of decrease in stiffness and strength with cycling 
was related to the amount of axial load, the transverse reinforcement ratio, 
and the required deflection ductility per cycle. Increases in the axial 
load from zero to one-half the balance load and increases in the transverse 
re i nfor.cement rat i 0 tended to reta rd the decrease ins t i ffness and strength 
with cycling. An increase in the range of deflection per cycle increased 
the rate of stiffness and strength degradation. 
(3) The deformations over a 10-in. gage length' adjacent to the 
joint changed from predominantly flexural deformations during the first 
cycle to predominantly shear deformations during the latter cycles of the 
test. 
(4) Strains measured in the longitudinal reinforcement (No.6 
bars) indicated that the anchorage conditions within the joint did not 
deteriorate with cycling. 
(5) Bar slip (pull-out) of the tension reinforcement of the 
joint increased at an increasing rate as the strain in the bar increased. 
The magnitude of the slip at yield varied between 0.02 and 0.03 in. for 
the No.6 bars used in this investigation. 
(6) Strains measured in the stirrups provided a reliable indication 
of: (a) the initiation of inclined cracking and (b) a change in the shear-
resisting mechanism of the specimens when they were subjected to deflections 
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larger than the deflection corresponding to the formation of splitting 
cracks in the compressed concrete. 
(7) The length of the region in which inelastic deformations 
occurred was reduced as the transverse reinforcement ratio was increased. 
(8) In specimens without an axial load, vertical cracks, which 
traversed the total depth of the member, were observed after one complete 
cycle of load reversals. 
(9) The observed yield point in the measured shear vs deflection 
relationships and the visual observation of spalling of the shell concrete 
could usually be correlated with sudden changes in the strains measured in 
the longitudinal reinforcement. 
7.3 Failure Mechanism 
After the formation of inclined cracks in the test specimens, the 
shear transferred across a particular inclined crack was assumed to consist 
of contributions from the compressed concrete above the inclined crack,' the 
stirrups crossed by the crack, friction· or aggregate interlock forces along 
the crack, and dowel forces. The results of this investigation indicate 
that the observed failures are related to decreases in the shear capacity 
of each of these shear-resisting elements when the specimens are subjected 
to load reversals beyond the deflection corresponding to the initiation of 
splitting cracks in the compressed concrete. 
During the first monotonic loading beyond the crushing deflection, 
the strains measured in the stirrups indicated that. there was a noticeable 
increase in the amount of shear being carried by the stirrups. The primary 
reason for the increase in shear carried by the stirrups is a decrease in 
the shear capacity of the compressed concrete. A secondary cause is the 
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the formation of splitting cracks along the tension reinforcement which 
reduced the dowel forces. 
When the load was reversed, the events described above were 
repeated, and after one complete cycle, only the core of the specimen was 
left to reist the applied shear. However, at this point the core was criss-
crossed by incline~ cracks and unless a close enough spacing of stirrups 
was provided, transverse displacements occurred along the inclined cracks. 
Abrasive rubbing of the concrete on either side of the inclined cracks, due 
to the displacements along the cracks, caused a rapid deterioration of the' 
concrete within the core. Eventually, a point was reached where the concrete 
core could not resist shear through aggregate interlock and could not provide 
the resistance required to develop the full capacity of the stirrups. 
7.4 Analytical Model 
A mathematical idealization, based on cross-sectional propertIes, 
was formulated to simulate the observed behavior of the test specimens. An 
important feature of the idealizations was the assumption that the shear 
capacity of the concrete is related to compressive strain in the concrete. 
Comparisons between the calculated and measured moment-curvature 
relationships were satisfactory up to yield. However, the analytical model 
was unable to simulate the strain-hardening slope of the measured moment-
curvature relationships. Comparisons of the measured and calculated 
relationships between the applied shear and the resulting load-point 
deflection indicated that the measured shear vs deflection relationship, 
corrected for deflections due to bar slip and rigid body rotation of the 
specimen, could not be accurately reproduced prior to yield. In general, 
the calculated deflections were smaller than the measured deflections. 
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The analytical model was also used for a quantitative analysis 
of the observed change in the shear-resisting mechanism of the specimens for 
monotonically increasing deflection. The general trends of the observed 
changed in the shear-resisting mechanism could be simulated, but the point 
of instigation and the proportions of the ch~nge could not be duplicated 
precisely. The change in the shear capacity of the concrete was also 
evaluated for varying steel strengths, reinforcement ratios, and span to 
depth ratios. Increases in the steel strength and the tension reinforcement 
ratio caused a more rapid decrease in the shear capacity of the concrete as 
the load-point deflection increased. An increase in the compression rein-
forcement ratio retarded the decrease in shear capacity of the concrete for 
increasing deflections. The results for changes in the span to depth ratio 
Were inconclusive. 
An idealization proposed by Karlsson et al (l973) was used to 
simulate the measured moment-curvature relationships of the test specimens 
through several cycles of load reversals. The agreement between the 
.:,:- .... 
calculated and measured relationships was satisfactory for specimens 
~ .: .j 
~~~ 
with a large transverse reinforcement ratio. However, for specimens that 
suffered a continuous reduction in shear strength and stiffness with 
cycling, Karlsson's model could not be used because it assumed s.table 
I 
~ .{ 
hys teres is. 
". ; 
7.5 Conclusions 
On the basis of the test results and the analyses carried out, 
the following conclusions can be made: 
(1) The three criteria given below should be adhered to for the 
design of reinforced concrete members that may be subjected to several 
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reversals of loading to deflections beyond the deflection corresponding to 
the onset of splitting cracks in the compressed concrete. 
a. The shear capacity of the member should be based on 
the shear capacity of the confined core only. 
b. The amount of shear assigned to the concrete, as 
recommended by ACt 318-71, should be reduced and 
for members with no axial load, the contribution 
to shear strength of the concrete should be ignored. 
c. The spacing of the stirrups within a hinging zone 
must be small eriough to ensure confinement of the 
core. 
(2) There is a palpable change in the shear-carrying mechanism 
of a reinforced concrete member when it is subjected to deflections larger 
than the deflection at which spalling of the compressed concrete is initiated. 
(3) The ratio between the expected total deflection and the yield 
deflection is an important parameter in the design of web reinforcement for a 
reinforced concrete member. 
(4) An analytical model for calculating the moment~curvature and 
force-deflection relationships of a reinforced concrete member should reflect 
the effect of the transverse reinforcement ratio. 
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Table 2.1 Designation and Deflection Schedule 
for Each Specimen 
Mark Axial Load Transverse Deflection 
(kips) Reinforcement Schedule 
Ratio 
40.033A 40 0.0033 A 
40 .033 40 0.0033 B 
25.033· 25 0.0033 B 
00.033 0 0.0033 B 
40.048 40 0.0048 B 
00.048 0 0.0048 B 
40.067 40 0.0067 .- B 
00.067 0 0.0067 B 
40.092 40 0.0092 A 
00. 105 0 0.0105 A 
40. 147 40 0.0147 A 
00. 147 0 0.0147 A 
- -':"-: 
- _. 
~:.: ;'": 
........... ~...J,o"""" __ ~ ....."........ __ ~ ............ __ __ __ _ - ...-u.k.. ___ ~I'" - """,' .. -<. ~.- .. -.. ~ .. 
Tab le 3.1 Calculated Flexural Strength and the Resulting Ultimate Shear Due to Flexure 
Mark Compo Axial ACI Recommendations Alternate Recommendations (U1t. Moment, Alternate) 
Strength Load (Olt. Moment, ACI) 
Ult.- U1t. Ult. U1t. 
Moment Shear Moment Shear 
ps i kips kip-in. kips kip-in. kips 
(1) (2) (3) (4 ) (5) (6) (7) (8) 
40.033A 5030 42 711 20.6 757 22.0 1.06 
40.033 4870 40 703 20.4 746 21.6 1 .06 
25.033 4880 25 650 18.9 715 20.8 1. 10 
00.033 4640 0 556 16. 1 638 18.5 1. 15 
40.048 3780 40 685 714 1.04 
\..D 
19.9 20.7 V1 
00.048 3750 0 543 15.7 614 17.8 1. 13 
40.067 4840 40 714 20.7 748 21.9 1.05 
~ :.: 
00.067 4610 0 557 16.2 639 18.5 1 . 15 
40.092 5150 40 707 20.5 755 21.9 1 .07 
00. 105 4850 0 562 16.3 645 18.7 1 . 15 
40. 147 4860 40 704 20.4 734 21.2 1.04 
00. 147 4900 0 563 16.3 635 18.4 1 . 1 3 
Mark Compo Stirrup 
Strength Size 
psi No. 
(1) (2) (3) 
40.033A 5030 2 
40.033· 4870 2 
25.033 4880 2 
00.033 4670 2 
40.048 3780 2 
00.048 3750 2 
40.067 4840 2 
00.,667 46'10 2 
40.092 5150 3 
00. 105 ' -4850 3 
40. 147 4860 3 
00.147 4900 3 
" ~ ~; ~:.\ 
Table 3.2 Calculated Shear Strength of the Specimens 
Stirrup 
Spacing 
in. ( 4) 
5.0 
5.0 
5.0 
5.0 
3.5 
3.5 
2.5 
2.5 
4.0 
3.5 
2.5 
2.5 
Flexural 
Cracking 
Moment 
k-in. 
(5) 
178 
169 
139 
73 
162 
74 
176 
76 
180 
' 182 
177 
81 
:'.'f/~}i))ll 
.'. :~~~il;.::;: 
Shear 
Cap. of 
Concrete 
V 
c 
kips 
(6) 
10.3 
10.0 
8.8 
6.5 
9.0 
6.2 
10.2 
6.6 
10.3 
7.0 
10.2 
7.0 
Shear Total 
Cap. of Shear 
Stirrups Strength 
V V 
s u 
kips kips 
(7) ( 8) 
10.0 20.3 
10.0 20.0 
10.0 18.8 
10.0 16.5 
14.2 23.2 
14.2 20.4 
19.9 30. 1 
19.9 26.5 
25.3 35.6 
28.9 f •. >+. 35.9 
40.5 50.7 
40.5 47.5 
V V 
u u 
(Shear Due (Shear Due 
to Flexure, to Flexure, 
,AC,' ) Alternate) 
(9) (10) 
0.98 0.92 
0.98 0.93 
0.99 0.90 
1.02 0.89 
\...0 
1. 17 1. 12 C7' 
1. 30 1 . 15 
1. 45 1. 37 
1.64 1. 43 
1 .74 1 .63 
2.20 1.92' 
2.48 2.39 
2.92 2.68 
;i:I,';;;;,:' . I 
.... __ J 
~ ~ ~ .... .... ~ ..... _ _ __ __ ~ ~~_..;J ~ ~~ t.._._J ~~ ~~ ••... ~ 
Table 3.3 Comparison of Measured Shear to Calculated Shear Strength and Shear Due to Flexure 
Mark Transv. End Measured (Shear Strength, V ) (Flexural Shear z ACI) (Flexural Shear, Alternate) 
Reinf. Max. Shear, u 
Rati 0 V (VnJ (VnJ (V rrJ m 
kips 
(1) (2) (3) ( 4) (5) (6) (7) 
40.033A 0.0033 East 21.3 0.95 0.97 1 .03 
West 21 .5 0.94 0.96 1.02 
40.033 0.0033 East 19.9 1 .00 1.02 1.09 
West 21.9 0.91 0.93 0.99 
25.033 0.0033 East 18.4 1.02 1 .03 1 . 13 
West 19.7 0.95 0.96 1.06 
18.2 0.88 \.D 00.033 0.0033 East 0.91 1.02 --...J 
West 17.6 0.94 0.92 1.05 
40.048 0.0048 East 21.4 1.08 0.93 0.97 
West 21 .3 . 1 .09 0.93 0.97 
00,048 0.0048 East 19.0 1 .07 0.83 0.94 
West 19.3 1.06 0.81 0.92 
40.067 0.0067 Eas t 20.2 1 .49 1.02 1.08 
West 20.2 1.49 1.02 1.08 
00.067 0.0067 Eas t 19.6 1.35 0.83 0.94 
West 20.4 1.30 0.79 0.91 
40.092 0.0092 Ea.st 23.4 1 .52 0.88 0.94 
West 23.3 1 .53 0.88 0.94 
00. 105 0.0105 East 23.6 1 .52 0.69 0.79 
West 23.0 1 .56 0.71 0.81 
40. 147 0.0147 Eas t 23.8 2. 13 0.86 0.89 
West 23.4 2. 16 0.87 0.91 
00.147 0.0147 Eas t 22.9 2.08 0.71 0.80 
West 22.8 2.08 0.72 0.81 
Table 4.1 Summary of the Experimental Program 
Concrete Transverse Reinforcement Cycles Before Fai lure 
Mark Deflection Axial Compo Splitting Reinf. At Two At Four Mode of 
Schedu 1 e~~ Load Strength Size Spacing Ratio Times Yield Times Yield Failure 
Deflection Deflection 
kips psi psi No. in. ( 1) , . (2) (3) ( 4) (5) (6) (7) (8) (9 ) ( 10) ( I 1) 
40.033A A, 42.5 5Q30 391 2 5.0 0.0033 0 1 Shear 
40.033 B 40 4870 378 2 5.0 0.0033 6 'I Shear. 
25.033 B· 25 4880 400 2 5.0 0.0033 6 O. Shear 
00.033 B 0 4640 359 2 5.0 0.0033 6 1 Shear 
40.048 B 40 3780 320 2 3.5 0.0048 6 2 Shear 
00.048 B 0 3750 356 2 3.5 0.0048 6 1 Shear '£ 
40.067 B 40 4840 398 2 2.5 0.0067 6 2 Shear 
00.067 B 0 4610 379 2 2.5 0.0067 6 3 Shear 
40 :092 A 40 5150 438 3 4.0 0.0092 0 4 Shear 
00.105 A 0 4850 419 3 3.5 0.0105 0 3 Shear 
40.147 A 40 4860 423 3 2.5 0.0147 0 6 
00. 147 A 0 4900 414 3 2.5 0.0147 0 6 
,~ 
See Fig. 2.4. 
See Table A.2 for properties of reinforcement. 
! !j.:'/lj;I/.' 
t··41 i 
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Table 4.3 Limiting Compressive Strains for the Shell Concrete 
Mark Deflection Calculated Limiting 
Schedu le* .Compress ive Stra in 
4O.033A A 0.0059 
40 .033 B 0.0058 
25.033 B· 
00.033 B 
40.048 B 0.0063 
.-:" ... 
~: .... 
00.048 B 
40.067 B 0.0064 
00.067 B 
40 .092 A 0.0060 
00. 105 A 0.0053 
40. 147 A ·0.0066 
00. 147 A 0.0047 
* 2.4. See Fig. 
) 
I 
I 
J 
I 
J 
) 
J 
J 
Mark 
40.033A 
40.033 
25.033 
00.033 
40.048 
00.048 
40.067 
00.067 
* 
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Table 4.4 Comparison Between Maximum Average Bond Stress 
and Maximum Deflection 
Gages Deflection Cycle (Max. Def 1 .) Max. Avg. 
Schedu 1 e;'. (Y i e 1 d De fl. ) Bond Stress, 
u 
avg 
(ps i ) 
2-3 A 4 1120 
1-2 B 1 1 780 
3 2 950 
9 4 1020 
4-5 B 1 1 865 
3 2 935 
1-2 B 1 1 1000 
3 2 1110 
2-3 B 1 1 780 
3 2 1010 
9 4 1070 
1-2 B 1 1 930 
3 2 1080 
4-5 B 1 1 880 
3 2 970 
9 4 1210 
1-2 B 1 1 880 
3 2 1020 
See Fi g. 2.4 
u 
~ 
1fT 
c 
16 
1 1 
14 
15 
12 
1 3 
15 
16 
13 
16 
17 
15 
18 
13 
14 
17 
13 
15 
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Table 4.5 Comparison Between Measured Rotation and Maximum 
Applied Deflection 
Mark Deflection End Cycle (Max. Def 1 .) (Meas. Rot.) x (Shear SEan) 
Schedu1e* ~ Y i e 1 d De fl. ) {Max. Deflection) 
40.033A A East 4 0.76 
West 4 0.73 
40.033 B East 1 1 0.52 
3 2 0.63 
9 4 0.79 ' .-
West 1 1 0.55 
':':'--
3 2 0.65 .. 
9 4 0.75 .. 
25.033 B East 1 1 0.54 
3 2 0.74 .' 
West 1 1 0.54 
3 2 0.75 
00.033 B East 1 1 0.42 
·3 2 0.52 
West 1 1 0.50 
3 2 0.56 
40.048 B East 1 1 0.57 
3 2 0.74 
9 . 4 0.82 
West 1 1 0.59 
3 2 0.80 ~;;:: 
9 4 0.86 ~~ 
00.048 B East 1 1 0.67 
3 2 0.81 .-. 
West 1 1 0.61 
3 2 0.78 
40 .067 B East 1 1 0.53 r' .-
3 2 0.72 
9 4 0.83 
West 1 1 0.62 
3 2 0.75 
9 4 0.86 -. 
-. 
00.067 B East 1 1 0.64 ---
3 2 0.73 
9 4 0.83 ., 
West 1 1 0.66 
3 2 0.74 
9 4 0.83 
* 2.4 See Fi g. 
, 
i 
I 
i 
f 
I 
I 
I 
I 
I 
I 
I 
I 
I 
J 
I 
I 
] 
Mark 
40.092 
00.105 
40. 147 
00. 147 
* 
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Table 4.5 (Contd) Comparison Between Measured Rotation and 
Maximum Applied Deflection 
Deflection End Cycle (Max. Def 1 . ) (Meas. Rot.) x (Shear Sean) 
Schedule* {y i e 1 d Def 1 .) ~Max. Def1ectionJ 
A East 4 0.88 
West 4 0.83 
A East 4 0.85 
West 4 0.80 
A East 4 0.80 
West 4 0.79 
A East 4 0.77 
West 4 0.78 
See Fig. 2.4 
. :t!; ~.~:­
I' ,1:,11,: 
Mark 
( 1 ) 
40.033A 
40.033 
25.033 
00.033 
40.048 
00.048 
40 .067 
00.067 
40.092 
00.105 
40.147 
00. 147 
End 
(2) 
Eas t 
West 
East 
West 
East 
West 
East 
West 
East 
West 
East 
West 
East 
West 
Eas t 
West 
East 
West 
East 
West 
East 
West 
East 
West 
f·'ilf; 
Measured 
Max. Shear, 
V 
m 
kips 
(3) 
21.3 
21.5 
19.9 
21.9 
18.4 
19.7 
18.2 
17.6 
21.4 
21.3 
19.0 
19.3 
20.2 
20.2 
19.6 
20.4 
23.4 
23.3 
23.6 
23.0 
23.8 
23.4 
22.9 
22.8 
Table 5.1 Shear Capacities of Gross Section and Core 
Gross Section 
Shear Shear 
Cap. of Cap. of 
Concrete, Stirrups, 
V 
c 
(Eq. 3.7) 
kips 
( 4) 
10.3 
10.0 
8.8 
6.5 
9.0 
6.2 
10.2 
6.6 
10.3 
7.0 
10.2 
7.0 
•. i .. ·.' 
t:/jut:,::, 
Jdl').': . 
V 
s 
(Eq. 3.8) 
kips 
(5) 
10.0 
10.0 
10.0 
10.0 
14.2 
14.2 
19.9 
19.9 
25.3 
28.9 
40.5 
40.5 
.! ',"": 
V + V 
c 
V 
m 
(6) 
0.95 
0.94 
1.00 
0.91 
1.02 
0.95 
0.91 
0.94 
1.08 
1.09 
1.07 
1.06 
1. 49 
1. 49 
1.35 
1. 30 
1.52 
1.53 
1.52 
1.56 
2.13 
2.16 
2.08 
2.08 
Core Onl~ 
Shear Shear 
Cap. of Cap. of 
Concrete, Stirrups, 
s V V 
c s 
(Eq. 5.3) (Eq. 3.8) 
kips kips 
(7) (8) 
7.6 8.0 
7.3 8.0 
6.2 8.0 
4.4 8.0 
6.4 11.4 
3.9 11.4 
'7.2 16.0 
4.3 16.0 
7.5 20.2 
4.5 23.2 
7.3 32.4 
4.5 32.4 
, • I ~ '. 
., ;; ~!:i I, . 
V + V V (core) 
c s u 
V V (gross) 
m u 
(9 ) (10) 
0.77 0.77 
0.76 
0.77 0.77 
0.70 
0.77 0.76 
0.72 
0.67 0.75 0 
.t:-
0.69 
0.83 0.77 
0.84 
0.80 0.75 
0.79 
1. 15 0.77 
1. 15 
1.03 0.77 
1.00 
1. 18 0.78 
1. 19 
1. 17 0.77 
1. 20 
1.62 0.78 
1. 70 
'1.61 ' 0.78 
1.62 
I .. , 
~ ~ ~ ~ ...., ~ ~ ~ ..., .. ... ..,... ~ ~~ • ...J ..... ~ ~ ~ .. ___ .J -.l~ '~.l 
Table 6.1 Parameters for the Idealized Stress-Strain Relationship of Concrete 
Concrete StirruEs 60nflned Concrete Unconfined Concrete 
Mark Compo Strain at Area of Spacing pI' £50 n n 
Strength Compo Legs n 
Strength 
(psi) (sq. in.) (i n.) 
40.033A 5030 0.0026 0.10 5.0 0.0050 0.0036 200 300 
40.033 4870 0.0026 0.10 5.0 0.0050 0.0036 200 300 
25.033 4880 0.0025 0.10 5.0 0.0050 0.0036 200 300 
00.033 4640 0.0026 o. 10 5.0 0.0050 0.0036 200 300 
40.048 3780 0.0023 0.10 3.5 0.0071 0.0074 98 300 
00.048 3750 0.0023 0.10 3.5 0.0071 0.0074 98 300 
0 
40.067 4840 0.0026 0.10 2.5 0.010 0.0144 42 300 V1 
00.067 4610 0.0024 0.10 2.5 0.010 0.0144 42 300 
40;092 5150 0.0026 0.22 4.0 0.014 0.0126 50 300 
00.105 4850 0.0024 0.22 3.5 0.016 0.0165 35 300 
40. 147 4860 0.0025 0.22 2.5 0.022 0.0316 17 300 
00. 147 4900 0.0025 0.22 2.5 0.022 0.0316 17 300 
Table 6.2 Comparison of Measured and Calculated Moments 
Measured Moments Predicted Moments (Measured) / (Predicted) 
Mark End Yield Ultimate (u"ft.) Yield Ultimate at Yield at Ultimate 
T'lield) 
(k-in.) (k-in.) (k-in.) (k-in.) 
( 1 ) (2) (3) (4) (5) (6) (7) (8) (9 ) 
40.033A East 735 760 1 .03 710 745 1 .03 1 .02 West 700 775 1. 11 0.99 1.04 
40.033 East 710 760 1 .07 700 735 1 .01 1.03 West 735 780 1.06 1.05 1 .06 
25.033 ' Eas t 620 665 1.07 650 720 0.95 0.92 West 640 700 1 . 10 0.98 0.97 
00.033 Eas t 525 605 1. 15 550 600 0.95 1 .01 WesJ 520 600 1. 15 0.95 1.00 0 0' 
40 .048 East 710 785 1. 11 680 720 1.04 1.09 West 730 785 1.08 1.07 1 .09 
00.048 Eas t 565 610 1 .08 550 579 1.03 1 .05 West 570 620 1 .09 1.04 1.07 
40.067 East 700 825 1. 18 700 735 1.00 1. 12 West 735 810 1. 10 1.05 1 . 10 
00.067 East 540 640 1. 19 550 600 0.98 1.07 West 540 660 1.22 0.98 1 . 10 
40.092 East 765 890 1. 16 700 735 1.09 1.21 West 780 875 1 . 12 1. 12 1. 19 
00. 105 East 560 '700 1. 25 550 600 1 .02 1 . 17 West 570 710 1 .25 1 .04 1 . 1 8 
40. 147 Eas t 740 875 1. 18 700 740 1 .06 1 . 18 West 755 870 1. 15 1 .08 1 . 18 
00. 147 East 580 710 1. 22 550 605 1 .06 1. 17 West 580 705 1.22 1 .06 1.17 
'''I 
I L~: '~.'; :~! ! , .. ,i; ~ilt;:: ;;" ' '.'.1,·" I," • , . ~. I 
I 
f 
1 
1 
J 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
j. 
107 
Table 6.3 Corrections for Measured Shear vs Deflection Relationship, 
Specimen 40.147 
Load App 1 i ed Net'~ Deflection Deflection Cor rected'~'~ 
Number Deflection Shear Due to Due to Rigid Deflection 
Bar Slip Body Rota t i on Reading 
( in. ) (kips) (in.) (i n.) ( in. ) 
(1) (2) (3) (4) -(5) (6) 
0.03 2.3 0.0 0.007 0.02 
3 0.06 4.9 0.0 0.020 0.04 
5 o. 13 8.3 0.0 0.035 0.09 
7 0.19 10.3 0.018 0.045 o. 13 
9 0.25 12.2 0.033 0.060 o. 16 
1 1 0.38 15.6 0.065 0.080 0.23 
13 0.50 18.6 O. 101 O. 100 0.30 
15 0.63 20.2 o. 119 o. 115 0.40 
17 0.88 21.4 o. 130 O. 130 0.62 
19 1 . 14 21.6 o. 132 o. 150 0.86 
21 1 .39 21.9 o. 136 o. 155 1 . 10 
23 1 .65 21 .5 o. 136 o. 160 1 .35 
25 2.03 21 .8 0.136 o. 175 1 .72 
-;,~ 6. 18 Equation 
";~* Applied deflection minus deflections due to bar slip and rigid 
body rotation 
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4 No. 6 
SECTION A-A 
LONGITUDINAL STEEL 
No.6 Bars 
Grode 60 
fy = 72.0 ksi 
STIRRUP STEEL 
No.2 Bars 
Grode 40 
fy= 50,0 ksi 
No.3 Bars 
Grode 40 
fy= 46,0 ksi 
Fig. 2.2 Schematic View of Test Setup, Dimensions and Properties of Test Specimens 
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Fig. 2.4 Deflection Schedules Used During This Investigation 
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Fig. 4.3(c) Specimen 40.147 After Completion of Test 
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Fig. 4.5 Visual Observation of Inclined Cracks, Specimen 40.092 
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Fig. 4.9 Spalling and Longitudinal Splitting of Shell Concrete 
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APPENDIX A 
EXPERIMENTAL INVESTIGATION 
A.l Introductory Remarks 
Descriptions of the materials used in this investigation, the 
physical characteristics of all the test specimens, the test procedure, 
instrumentation, and the data reduction method are contained in this 
appendix. 
A.2 Materials 
(a) Conc re te 
Atlas brand high early strength (Type I I I) cement was used in all 
of the specimens. Pea gravel with a maximum size of 3/8 in. was used for 
coarse aggregate. The fine aggregate was Wabash River torpedo sand, which 
had been thoroughly dried before use. Both of these aggregates have been 
used extensively in the Structural Research Laboratory of the University of 
I 11 i no is. 
The same mix proportions were used for all of the specimens except 
40.048 and 00.048. For these two specimens the water/cement ratio was 
changed from the standard 0.9 to 1.0 due to a communication error. The 
ratio of the mix by dry weight was 1.0 : 3.5 : 4.0 (cement : sand : pea 
gravel). 
For all of the tests, the specimen plus the control cylinders, 
six 6 x'12-in. cylinders for compression tests and six 6 x 6-in. cylinders 
for splitting tests, were all cast from a single batch. 
A typica'l stress-strain curve for the concrete is shown in Fig. A.l. 
The stress-strain relationship was obtained from compression tests on 6 x l2-in. 
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cylinders with a mechanical extensometer over a six-inch gage length. Due 
to the limitations of the testing machine, the descending branch of the 
curve beyond the strain corresponding to the strength of the concrete was" 
not obtained. 
The compressive strength of the concrete was found from compres-
sive tests of 6 x l2-in. cylinders. The frequency distribution of the 
measured compressive strengths is given in Fig. A.2. The average compres-
sive strength of sixty test cylinders was 4860 psi with a range from 4110 
to 5200 psi. (Results from test cylinders for specimens 40.048 and 00.048 
are not included in these calculations.) 
The initial elastic modulus was determined from the measured 
stress-strain relationship between zero an~ twenty percent of the compres-
sive strength. The values for the elastic modulus obtained in this manner 
are compared to the compressive strength in Fig. A.3. 
The tensile strength of the concrete was determined from splitting 
tests of 6 x 6-in. cylinders. Stiff strips of fiberboard were placed between 
the ioad heads and the cyiinder to provide uniform force distribution and 
the necessary friction. The frequency distribution of the tensile strength 
obtained from the splitting tests is given in Fig. A.4. The average tensile 
strength from 56 splitting tests was 402 psi with a range from 310 to 486 psi. 
The tensile strength is compared with the compressive strength in 
Fig. A.5. The following expression provided the best fit of the relation-
ship between these two quantities. 
f = 5.6 1fT 
t c 
(A. 1 ) 
where 
242 
f t = tensile strength of concrete, measured from splitting 
tests on 6 x 6-in. concrete cylinders 
f' = compressive strength of concrete, measured from 
c 
compression tests on 6 x l2-in. concrete cylinders. 
Table A. 1 summarizes the concrete test results. 
(b) Reinforcement 
Grade 60, No.6 deformed bars were used as the longitudinal 
reinforcement for all of the specimens. The stirrups in each specimen were 
formed from grade 40, No.2 plain bars or grade 40, No.3 deformed bars. 
Grade 60, No.4 deformed bars were used as additional shear reinforcement 
in the central joint. 
Coupon samples were taken from the same bars used in constructing 
the specimens. The coupons were tested to determine the average properties 
of the reinforcement. Stress-strain curves for each bar size were obtained 
during the tensile tests of the co~pons by using a mechanical extensometer 
with a 2.0-in. gage length and an engineering scale. The extensometer was 
used to measure elongations up to a strain of about 2 percent, and then the 
engineering scale was used to provide approximate readings for larger strains. 
Nominal bar areas were assumed when converting the measured loads to stresses. 
Table A.2 summarizes the coupon tests and typical stress-strain 
curves for the No.6, No.3 and No.2 coupons are given in Fig. A.6 through 
A.B. No stress-strain curves were recorded for the No.4 coupons because 
the No.4 bars were· not expected to significantly effect the behavior of 
the column specimens. 
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A.3 Description of the Specimens 
A total of twelve specimens were built and tested. All of the 
specimens had the same gross dimensions and reinforcement details except 
for the spacing of the stirrups near the central joint region. 
(a) Dimensions 
The nominal dimensions of the specimens are given in Fig. A.9. 
The specimens included two 40.S-in column elements and a 2l-in. joint area 
for a total length of 102 in. 
The column elements had dimensions of 6 x 12 in. and the enlarged 
joint had dimensions of 18 x 16 in. The measured dimensions of the column 
elements and the measured depths to and spacing between the reinforcing 
bars are given in Table A.3. 
(b) Reinforcement Details 
The longitudinal reinforcement within the column elements consisted 
of four No.6 bars which ran continuously through the length of the specimen 
and were arranged as shown in Fig. A.lO. To assure satisfactory anchorage 
at the free ends of the column elements, vertical No.6 bars were welded to 
the longitudinal bars. 
The stirrups in the column were made from plain No.2 or deformed 
No.3 bars and the legs of the stirrups were welded together to assure 
positive anchorage. The first stirrup was placed 1 in. from the face of 
t~e joint and successive stirrups were placed according to the spacing 
requirements for each particular specimen. 
At the point where the transverse loads were to be applied to 
the specimen, a I-Jn. inside diameter pipe was inserted in the reinforcing 
cage. This provided an opening through which a loading pin could be placed 
244 
for the application of loads in the vertical plane. To prevent a local 
fai lure near the load point, stirrups were spaced at l-in. intervals in 
this region and a 5-in. length of spiral reinforcement was also included 
(Fig. A.9 and A.ll). The spiral was made from plain No.2 bars and had a 
diameter of 5 in. and a pitch of 1 in. 
The arrangement of the reinforcement within the joint is shown in 
Fig. A.12 and A.13. In addition to the four No.6 bars which ran longitu-
dinally through the joint, eight vertical No.6 bars were provided to help 
,-- ..... 
carry the clamping load applied to the joint and both horizontal and vertical :::~-~ 
stirrups were provided to insure adequate confinement and shear strength 
within the joint. All of the stirrups used in the joint were made from 
Grade 60, No.4 deformed bars. 
(c) Casting and Curing 
The reinforcing cage shown in Fig. A.11 and A. 13 was placed in 
a form constructed from 3/4-in. plastic coated plywood. The cage was held 
at the correct position within the form by steel chairs. 
The concrete was placed in the form and vibrated internally with 
an electric vibrator. After the concrete was struck off and trowelled 
smooth, the specimen and form were covered with wet burlap and a plastic 
sheet. The form was removed twenty-four hours after casting and the specimen 
was again covered with wet burlap and plastic sheets. One week after casting, 
j 
the burlap and plastic sheets were removed and the specimen was kept in the 
laboratory unti 1 it was tested. 
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A.4 Test Procedure 
(a) Loading Frame 
All of the specimens were tested in the loading frame shown in 
Fig. A.14. The principle elements of this testing frame were the four pairs 
of 12 WF 65 columns which were prestressed to the laboratory test floor. 
Channel sections spanned between the pairs of columns and provided reaction 
points through which the specimens could be loaded. 
As shown in Fig. A.15, the specimen was placed on a concrete 
pedestal in the center of the loading frame and two hydraulic jacks and two 
servorams were used to apply loads in the vertical plane. The two hydraulic 
jacks at the central pairs of columns were used to apply the clamping load 
required to hold the joint motionless during the test. The servorams at 
the outer pairs of columns were used to apply the transverse loads to the 
specimen. These transverse loads were applied through. the l-in. diameter 
loading pin and yoke shown in Fig. A.16. 
A third servoram applied an axial load to the specimen through a 
pair of external prestressing cables which ran the length of the specimen. 
As shown in Fig. A.17, the load was transferred from the ram to a pair of 
8-in. steel channels, then to a pair ·of l-in. diameter high strength steel 
rods, and then to the 1/2-in. prestressing cables. Details of the 
connections between these various elements are shown in Fig. A.17 and 
A.18. Figure A. 19 shows the slot where the cable passed through the joint 
area and Fig. A.20 shows the details of the connection between the prestress-
ing cables and the specimen at the end opposite the servoram. 
(b) Testing Format 
The following procedure was used 'when testing the specimens. 
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Before starting the test, all of the load, strain, and displace-
ment sensors were initialized and calibrated. Then a clamping load 
of approximately 240 kips was applied to the joint area by a pair of 100 ton 
hydraulic jacks. After this load was applied and stabilized, the axial 
load was applied to the specimens. At this point, readings from all of the 
load, strain, and displacement sensors were recorded. This completed the 
preliminary phase of the testing program. 
The primary phase of the testing program involved the application 
of transverse deflections to the ends of the specimens. One of the two 
deflection schedules shown in Fig. 2.4 was used to determine the magnitude 
of the load-point deflection during each cycle. As mentioned previously, 
both ends of the specimen followed the same deflection schedule, but they 
were moved simultaneously in opposite directions. Table 2. 1 indicates 
which deflection schedule was used for each specimen. 
The required deflection per cycle was applied through a series 
of small incremental deflections and after each increment, readings from 
the load, strain, and displacement sensors were recorded and cracks were 
marked and photographed. A total of ten increments were usually taken 
between zero and the yield deflection and approximately fifteen more incre-
ments were used between yield and a deflection of four times yield. Each 
cycle of deflection reversals would take approximately twenty minutes to 
complete and the entire test lasted approximately four hours. 
(c) Measurements 
The applied loads and the resulting deflections and strains in 
the re1nforcing steel were measured at several key locations throughout 
the member as shown in Fig. A.2l. 
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The clamping load and the axial load ~e applied and held constant 
throughout the test. Then, after each deflection increment, the following 
measurements were taken: 
(1) Transverse load and deflection at the load points 
(Fig. A.21). 
(2) The relative displacement between the face of the joint 
and a reference point 10 in. from the joint. Two such 
measurements were taken at each end of the specimen at 
the level of the longitudinal reinforcement (Fig. A.2l). 
(3) The relative displacement between the horizontal center-
line of the joint and the laboratory floor. These 
measurements were taken along two lines spaced 18 in. 
apart (Fig. A.2l). 
(4) Strains in the reinforcement at several locations 
(Fig. 4.11). 
The measured displacements between the face of the joint and the 
reference line 10 in. from the joint were used to determine the total 
rotation of the specimen over that 10-in. gage length. The measured dis-
placements between the horizontal centerline of the joint and the laboratory 
floor were used to determine the rigid body rotation of the joint area 
during the tests. The applied transverse loads at the load points were 
combined with the p-~ effect from the axial load to determine the moment 
at the face of the column. For all of the load measurements and moment 
calculatibns, the effect of the dead load "for the specimen and the items 
attached to it were subtracted out. 
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A.5 Instrumentation 
The two servorams used to apply transverse loads to the ends of 
the specimens and the servoram used to apply the axial load were all 
regulated through the MTS Control Panel (Model 483.02) shown in Fig. A.22. 
This control panel allowed the servorams to be set on either stroke or load 
control and continuously monitored the load and deflection signals received 
from the rams. 
The servorams consist of an electrohydraulic servo valve with 
hydrau1 ic actuator and are constructed according to the single-piece piston 
rod principle. Also, a 3-in. full-stroke linear variable differential 
transformer (LVDT) is mounted in the actuator assembly to detect errors 
between command and performance so that the servo controller in the control i 
- I 
panel can carry out the required corrections. 
The two servorams used to apply the transverse loads had a 25,000 
lb capacity (MTS Model 204.25) and the servoram used to apply the axial load 
had a 50,000 lb capacity (MTS Model 204.31). All three of the rams were 
connected to 50,000 1b capacity load cells (MTS Model 661.22) which were 
also monitored by the MTS Control Panel. During the tests, readings from 
the displacement transformers and load cells, which were connected to the 
servorams that applied the transverse loads, were continuously recorded on 
- 1 
the Honeywell 530 XY Recorders (Model 530TL) shown in Fig. A.22. , '.1 . I • .:. _".J 
The displacements between the face of the joint and the reference .- :J 
points 10 in. from the joint were recorded by displacement transformers 
manufactured by Shaevitz Engineering (Type 3000 HR). The voltage output 
from those displacement transformers was channeled through the Endevco 
•. Oi 
Carrier Amplifier (Model 4478.1A) shown in Fig. A.22. This amplifier has 
an excitation of 1 volt R.M.S. at 3000 Hz. 
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The displacements between the horizontal centerline of the joint 
and the laboratory floor were measured with Ames dial gages and were 
recorded manually. 
Hig~-e1ongation, post-yield strain gages were used to record the 
strains in the reinforcing steel. These gages were all coated with flexible 
waterproofing materials for protection during casting and curing of the 
specimens. The gages were supplied by Micro-Measurements Manufacturing 
Company (Gage Type EP-08-250BG-120). 
The two 100 ton capacity hydraulic jacks used to apply the 
clamping load to the joint were manufactured by Templeton-Kenly & Company 
(Model 13325) and the oil pressure for these jacks was supplied from a 
high-pressure hydraulic pump manufactured by Blackhawk Mfg. Co. (Model P-l82). 
A.6 Data Reduction 
The readings from all of the sensors mentioned in the previous 
section were recorded through a Vidar 610 Low Level Scanner and a Vidar 521 
Integrating Digital Voltmeter (Fig. A.22) which were connected to a teletype 
that punched out the voltage readings on a paper tape. 
The data was subsequently transferred from the paper tape to 
IBM computer cards and a program was developed to convert the voltage signals 
stored on the computer cards into the desired load, deflection and strain 
readings. 
250 
TableA.1 Measured Average Concrete Properties 
Mark Water/Cement Slump Age Compressive Splitting Secant 
Rat i 0 Strength Strength Modu1 us';'; 
in. days psi ps i x 106 psi 
40.033A 0.9 3.5 160 5030 391 3.73 
40.033 0.9 3.5 38 4870 378 3.51 
25.033 0.9 2.0 39 4880 400 3.66 
00.033 0.9 4.5 70 4640 359 3.44 
40.048 1 .0 5.5 59 3780 320 3. 14 ~~.~ 
00.048 1 .0 6.0 58 3750 356 3.07 
40.067 0.9 3.0 35 4840 398 3.56 " " 
00.067 0.9 2.5 27 4610 379 3.66 
40.092 0.9 2.5 41 5150 438 3.75 
00.105 0.9 4.0 38 4850 419 3.81 : ..;,..J 
40. 147 0.9 4.0 35 4860 423 3.70 
00. 147 0.9 4.5 39 4900 414 3.79 : 
*;" of the compressive strength Measured at 20 percent 
-
, . 
,. 
~g~~ 
.:. 
a-:~ 
.! 
.-j 
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Table A.2 Measured Average Properties from Steel Coupons 
I j 
Stress, ks i Strain 
1 Test Se r i es Coupon No. Yield Ultimate Strain Hardening Ultimate 
No. 6 Bars 1 72.1 120.5 0.0078 0.133 , 2 72.0 120.9 0.0075 0.114 
3 71.5 121.3 0.0080 0.145 
4 72.0 121.0 0.0080 0.129 
! 5 72.0 121.1 0.0077 0.121 } 
~-3 6 72.5 121.8 0.0075 0.137 
I Mean 72.0 121 .1 0.0078 o. 129 Std.Dev. 0.12 o. 16 0.00009 0.0041 
:I No. 4 Bars 1 70.0 115.5 0.0079 0.129 2 70.0 117.0 0.0080 0.124 3 72.5 117 .5 0.0075 0.116 
4 73.0 117.5 0.0078 0.114 
I Mean 71.4 116.9 0.0078 0.121 
Std.Dev. 0.69 0.41 0.00009 0.0030 
J No. 3 Ba rs 1 47.2 69.4 0.194 
2 45.8 70.3 0.0100 0.169 
I 3 45.5 68.9 0.133 4 46.4 70.0 o.ooBo 0.178 
5 45.6 71.1 0.0060 0.161 
[I 6 45.3 69.6 o .OOBO 0.167 
Mean 46.0 69.9 0.00B5 0.167 
Std.Dev. 0.27 0.29 0.00075 0.0075 ] 
1 4B.6 0.159 No. 2 Bars 79.0 0.0055 
J 2 47.6 79.2 0.0050 O. 171 3 52.B 80.6 0.0065 0.124 4 4B.4 79.2 0.0050 0.159 
5 54.0 83.3 0.0045 0.140 ] 6 48.0 78.0 0.0065 0.112 
Mean 49.9 79.9 0.0055 0.144 
J Std.Dev. 1 .03 0.68 0.00031 0.0085 
] 
j 
I 
--1 
Table A.3 Measured Dimensions and Bar Spacing in Column Elements 
East End 
Mark b 
t bb h d 
40.033A 6.0 6.0 12.1 10.0 
40.033 6.1 6.1 12.1 10.0 
25.033 6.0 6.1 12.1 10.1 
00.033 5.9 6.0 12.1 10.1 
40.048 6. 1 6.1 12. 1 9.9 
00.048 6.1 6.1 12. 1 10. 1 
40.067 6.0 6.0 12. 1 10.0 
00.067 6.0 6.1 12.1 10.0 
40.092 5.9 6.0 12.0 10.0 
00.105 6.1 6.0 12.0 10. 1 
40. 147 6.1 6.1 12.1 9.9 
00. 147 6.0 6.0 12.1 10. 1 
,,( 
All dimensions in inches 
, "' 
• 1 ~ I:~; 
; .----!.....,~ 
r;·; 
l,~......:....~:. './.! i-L-..-.. ":' '\ 
d' 
2.1 
2.1 
2. 1 
2.1 
2.0 
2.2 
2.0 
2.0 
2. 1 
2.1 
2. 1 
2.2 
i.iry~I!'I:": 
[!~11.'J.i'~ 
St 
3.1 
2.9 
3.0 
3.2 
3.0 
3.1 
3.0 
3.0 
2.9 
2.9 
3.0 
2.9 
West End 
sb b bb h d t 
3.2 6.0 5.9 12. 1 10.0 
3.0 6.2 6. 1 12. 1 10.0 
3.0 6. 1 5.9 12.1 10. 1 
3.1 5.9 6.0 12. 1 10. 1 
3.1 6.0 6. 1 12. 1 9.9 
3.1 6. 1 6.0 12.1 10. 1 
3.0 6.1 5.9 12. 1 10.0 
3.0 6.2 6.2 12.1 10.0 
3.0 6.2 5.8 12. 1 10.0 
3.0 6.2 5.8 12. 1 10.0 
3.0 5.8 6.1 12. 1 9.9 
3.0 5.9 5.9 12. 1 10.0 
I' b t , I 
I~ 
@ ® 
I, , I 
hi St 
Id 
sb 
I' I I 
@ ~ 
bb 
, I 
, L" 
, . 
:.. : : i.~~:~" . ,'/] 
i'", 
d
' St sb 
2.1 3.1 3.1 
2.2 3.1 3.0 
2.1 3.0 3.1 
2. 1 3.1 3.1 
2.2 3.0 3.0 
2.2 3.1 3.1 
2.1 2.9 3.0 
2. 1 3.0 3.0 N 
Vl 
2.2 3.0 3.0 N 
2.2 3.0 3.0 
2.1 2.9 3.0 
2.2 3.0 3. 1 
" 
.'.-.', i 
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Fig. A.14 Loading Frame Used in This .Investigation 
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Fig. A.16 Loading Pin and Yoke for Application of Transverse Loads 
Fig. A.17 Servor.am Used to Apply Axial Load to the Specimen 
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Fig. A.18 Detail of Connection Between l-in. Steel Rod 
and the 1/2-in. Prestressing Cable 
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Fig. A.19 Slot Through Joint for Prestressing Cable 
Fig. A.20 Connection Between Prestr;essing Cables and 
Specimen at the End Opposite the.Servoram 
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APPENDIX B 
DEPENDABILITY OF STRAIN GAGE READINGS 
B.l Introductory Remarks 
Several of the results presented in this investigation were based 
on readings from the foil strain gages attached to the reinforcing steel 
within the specimens. In this appendix, a discussion of the dependabil ity 
of the strain readings obtained from these gages is presented. The useful 
range of strain for the gages, the consistency of the strain readings from 
specimen to specimen, and the initial strain due to shrinkage will be 
discussed. 
B.2 Type, Range and Accuracy of Strain Gages 
The foil strain gages used in this investigation were supplied by 
Micro-Measurements Manufacturing Company (Gage Type EP-08-25-BG-120). These 
are high-elongation gages that are temperature .compensated for application 
to s tee 1. 
At the point where the gage was to be attached, the surface of the 
reinforcing bar was filed smooth and treated with acetone, metal conditioner, 
and a neutralizer. An epoxy adhesive with elongation properties of appro xi-
mately 20 percent was then used to bond the gage to the bar. 
A properly applied gage has a useful strain range between plus and 
minus 0.10. However, the accuracy of the strain readings begins to decrease 
significantly at tensile or compression strains greater than 0.03 as shown 
in Table B.1. The strains measured in the reinforcing steel during this 
investigation were usually below 0.03 so the recorded strains should have 
been within plus or minus three percent of the actual strains in the bar. 
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B.3 Consistency of Strain Readings 
The flexural behavior, prior to yielding of the tension reinforce-
ment, was almost identical for specimens with the same axial load. Therefore, 
the measured relationships between applied shear and strain in the tension 
reinforcement, prior to yield, should provide a good test of the consistency 
of the strain gage readings. 
Relationships between the applied shear and tensi le strain for 
specimens 00.033, 00.048 and 00.147 are compared with the calculated shear 
vs strain relationship found by the procedure discussed in Chapter 6 (Fig. 
B. 1). The closeness of the measured data points to the calculated relation-
ship and the repetitiveness of the measured points throughout the range of 
strain considered indicates that the strain readings were very consistent 
from specimen to specimen. 
A similar comparison between the calculated and measured applied 
shear vs tensi 1e strain relationships for axially loaded specimens is given 
in Fig. B.2. The results shown in Fig. B.2 give a further indication of 
the consistency of the readings from the strain gages. 
B.4 Effect of Shrinkage 
At the start of each test, the voltage output from the Wheatstone 
bridge for each of the strain gages was zeroed. Then, as the specimen was 
deflected, the output from the bridge was recorded and later converted into 
strains. However, before the recorded strains could be used for further 
calculations and comparisons, the effects of shrinkage or initial strains 
in the reinforcement had to be considered. 
An estimate of the shrinkage strain can be obtained from the 
following expression given in a report, "Recommendations for an International 
272 
Code of Practice for Reinforced Concrete," by the European Concrete Committee 
(CEB, 1964). 
where 
s = ~ a S (1 - O.lp) 
r r r 
s fin~l shrinkage coefficient 
r 
~ shrinkage coefficient which accounts for curing 
conditions 
a = shrinkage coefficient which accounts for cross 
r 
section dimensions 
S = shrinkage coefficient which accounts for various 
r 
water/cement ratios 
p tension reinforcement ratio 
(B.1) 
Values for the shrinkage coefficients ~,a and S are given in Ref. 16 
r r 
through a series of figures. The data obtained from these figures can be 
used to obtain a range of possible shrinkage strains for various curing 
conditions, cross section dimensions, and water/cement ratios. 
The usefulness of the results obtained from Ref. 16 can be deter-
mined by comparing the calculated results from Eq. B.l with values measured 
by Stocker (1970) for a concrete mix similar to mix used in this investiga-
tion. For moist cured specimens, Stocker measured an average init~a1 strain 
of -5 x 10-5 (specimen swelled), and for dry cured specimens (70% relative 
humidity), he measured an average initial strain of 26 x 10-5 . Equation B.l 
yields the following range of values for curing conditions, cross section 
dimensions and water/cement ratio equivalent to those used by Stocker. 
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Curing Condition Initial Strain 
Moist o to -3 x 10-5 
Dry 12 to 29 x 10-5 
The agreement between the measured values and those given by Eq. B.l is 
5 at i s fa c tory . 
For the same curing conditions, cross section dimensions, and 
water/cement ratio used in this investigation, a range for intial shrinkage 
strain between 17 and 64 x 10- 5 was calculated with Eq. 3.1. A check on 
this range for initial strain can be obtained through the following proce-
dure. The relationships between the applied shear and the measured strain 
in the tension reinforcement, similar to the one shown in Fig. B.3, can be 
used to determine at what strain, assuming the initial strain is zero, the 
tension reinforcement yielded. The break in the relationship shown in 
Fig. B.3 clearly defines the yield point and the last recorded strain value 
before the break was defined as the yield strain. Yield strains obtained 
in this manner are listed in Table B.2 for several of the test specimens . 
The difference between the mean of the yield strains 'given in Table B.2 and 
the mean yield strain obtained from the steel coupon tests listed in Table 
B.3 should give a satisfactory measure of the initial strain. The value of 
initial shrinkage strain obtained through this procedure was 34 x 10-5, which 
is within the range given by Ref. 16. Therefore, an initial shrinkage of 
JO x 10-5 was used to modify the recorded strains for all of the test 
specimens. 
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Table B.1 Bridge Ouput vs Indicated Strain* 
Output Equivalent Indicated Microstrain Microstrain 
Tension Compression 
(microvolts/volt) 
0.05' 100 100.0 -100.0 
0.25 500 499.7 -500.3 
0.50 1 ,000 999.0 -1 ,001 . ° 
1.00 2,000 1,996.0 -2,004.0 
.:-:'" 
1.50 3,000 2 ,991 . ° -3,009.0 
2.00 4,000 3.984.1 -4,016.1 
3.00 6,000 5,964.2 -6,036.2 
4.00 8,000 7,936.5 -8,064.5 
5.00 10,000 9,901 . ° -10,101.0 
7.50 15,000 14,778.3 -15,228.4 
10.00 20,000 19,607.8 -20,408.2 
20.00 40,000 38,461.5 - 41 ,666.7 
30.00' 60,000 56,603.8 -63,829.7 
40.00 80,000 74,074.1 -86,956.5 --: 
50.00 100,000 90,909.1 -111,111.1 
~3~:~-~ 
* 
£=?:.:~~ 
~'::~~:F 
Supp 1 jed by Micro-Measurements Manufactu ring Company, based 
on a gage factor of 2.0. 
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Table B.2 Tensile Yield Strains Measured During the Tests 
Assuming Initial Steel Strain Equaled Zero* 
Mark End Measured 
Yield Strain 
40.033A East 0.00298 
West 0.00281 
00.048 East 0.00261 
West 0.00274 
40.067 East 0.00282 
West 0.00279 
00.067 East 0.00282 
West 0.00277 
40.092 East 0.00283 
West 0.00289 
00.105 East 0.00281 
West 0.00265 
40.147 East 0.00289 
West 0.00283 
00.147 East 0.00274 
West 0.00282 
* Only the specimens in which the tensile reinforcement 
clearly yielded during the first quarter cycle have been 
used in this table. 
Bar 
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Table B.3 Yield Strains Obtained From Steel Coupon 
Tests on No. 6 Bars 
Yield Yield 
Number Load St res s~" Yield Strain 
Measured Ca 1 cu 1 a ted*~\-
31.8 72.3 0.00245 0.00249 
2 31.7 72.0 0.00256 0.00248 
3 31.5 71 .6 0.00243 0.00247 
4 31.7 72.0 0.00249 0.00248 
5 31.7 72.0 0.00241 0.00248 
6 31.9 72.5 0.00241 0.00250 
-;': 
0.44 sq. Assuming bar area equaled in. 
-;':-;': 
Assumi ng elastic modulus equaled 29,000,000 ps i . 
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APPENDIX C 
DESIGN OF THE CENTRAL JOINT 
C.l Introductory Remarks 
The purpose of this investigation was to study the behavior of 
reinforced concrete members subjected to several load reversals beyond the 
yield deflection. To simplify the interpretation of the results obtained 
from the tests, it was necessary that the specimens be designed in such a 
manner that all of the inelastic-deformations would occur in th~ column 
portion of the specimens and that the deformations of the joint would 
remain small. It was also essential that the joint stay intact throughout 
the testing of each specimen because of the loading procedure used 
in this investigation (Fig. 2.2). Therefore, the joint area was enlarged 
and heavily reinforced to assure that only minor damage and small deforma-
tions would occur in the joint during the tests. 
C.2 Dimensions and Reinforcement 
The total length of the central joint was 21 in. and the cross-
sectional dimensions were 18 x 16 in. (Fig. A.9 and A.12). 
The forces assumed to be acting on the joint at the ultimate load 
condition are shown in Fig. C.l. Four No.6 bars were provided under each 
of the two concentrated loads used to hold the specimen in position during 
the tests. These bars were prevented from buckling outward by No.4 
ties, spaced as shown in Fig. A.12. 
The design joint shear was assumed to be the sum of the forces at 
the level of the reinforcement (Fig. C. 1). Accordingly, 
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T + C (C.1) 
where 
VD = design shear 
T = total tension force 
C = total compression force 
The portion of the total design shear assigned to the concrete 
was calculated with the following expression given in the American Concrete 
I.nstitute Bui lding Code (1971). 
v 3.5 b d ¢ 1fT /1 P (C.2) = + 0.002 p;;-c c g 
where 
V = shear assigned to concrete 
c 
b = width of compression zone of member 
d = effective depth 
¢ 
-
capacity reduction factor (0.85 for shea r) 
f' concrete compressive strength 
c 
p = axial load (taken as clamping force) 
A = gross cross-sectional area g 
The expression used to determine the amount of transverse reinforcement 
required to carry the shear in excess of that assigned to the concrete was: 
Cp A 
v 
d f - - VD - Vc ys s (C.3) 
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in which 
A = cross-sectional area of stirrup legs v 
f = yield stress of stirrups ys 
s = spacing of stirrups 
The size (No.4 bars) and the yield stress (60 ksi) of the stirrups to 
be used in the joint were known, so Eq. C.3 was rearranged into an expres-
sion for the required stirrup spacing. Accordingly, 
s = 
cp A f d 
v ys (c.4) 
The spacing obtained from Eq. c.4 was then compared with the 
spacing required for confinement given in the following expression recom-
mended by Blume et al (1961). 
s = (2) (A ~ ys 
.-JL - 1 fl hll 
A c 
c 
(C.s) 
where 
o = diameter of stirrup 
A area of confined core 
c 
hI' = length of longest leg of stirrup 
The enlargement of the joint added extra confinement, hence the factor 2, 
suggested by Hanson and Conner (1967), was inserted into Eq. C.S. 
For the specimens tested in this investigation, Eq. c.4 governed. 
However, the 1.3-i~. spacing required by Eq. c.4 was impractical, so 
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stirrups were provided in both the horizontal and vertical direction to 
obtain the required area of transverse reinforcement (Fig. A.9 and A. 13). 
The flexural reinforcement was continuous through the joint, so 
no special provisions were required for anchorage. 
The joint, reinforced as shown in Fig. A.13, performed satisfac-
torily during the tests and only a few zones of local crushing and some very 
narrow diagonal cracks were visible in the joint after completion of the 
tests (Fig. C.2). 
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F 120 kips F 120 kips 
90 kips T 90 kips 
v = 21 kiPsl 
j V = 21 kips 
90 kips 
Fig. C.1 Forces Assumed Acting on Joint at Ultimate 
Fig. C.2 Zones of Local Crushing and Narrow Diagonal 
Cracks Observed in Joint After Tests 
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APPENDIX D 
NOTATION 
In selecting the symbols for this report, the ACI Standard, 
"Preparation of Notation for Concrete," (ACI Committee 104, 71) was used 
as a guide. All symbols used in the text are defined when they are first 
introduced. For convenience, they have been listed below. 
Ab = area of reinforcing bar 
A = area of confined core 
c 
A = gross area of section g 
A = area of tension reinforcement 
s 
AI = area of compression reinforcement 
s 
At = transposed area of section 
A cross-sectional area of stirrup legs 
v 
C = concrete compressive force 
c 
CI = force in compressive reinforcement 
s 
D = diameter of reinforcing bar 
E = initial modulus of concrete measured from tests 
c 
E 
s 
M 
of 6 x l2-in. concrete cylinders 
= modulus of elasticity of steel 
= transposed moment of inertia about the centroid 
of the section 
= moment at a section 
MA = moment calculated at face of central joint 
M 
cr 
= flexural cracking moment 
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M ultimate moment capacity of a section 
u 
L M = summation of moments of inertia about the extreme 
o 
compression fiber 
N = axial load normal to the cross section 
u 
occurring simultaneously with V 
u 
P = axial load 
P = ultimate axial load capacity of a member 
u 
T = force in tension reinforcement 
T = concrete tension force 
c 
V = applied shear 
V shear assigned to concrete 
c 
Vo = design shear 
Vd = shear assigned to dowels 
Vf = shear assigned to friction 
V = maximum applied shear 
m 
V
net = net applied shear 
V 
s 
V 
u 
= shear assigned to transverse reinforcement 
= shear strength of a member 
V = yield shear (applied shear corresponding to y 
yielding of the, longitudinal reinforcement) 
a = shear span, distance from point of zero moment 
to point of maximum moment 
b = width of compressive face of member 
b" = least lateral dimension of confined core 
c distance from extreme compression fiber to 
neutral axis 
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= distance below the neutral axis to point where tensile 
stress in concrete equals the tensile strength of concrete 
distance from extreme compressive fiber to plastic 
centroid of section 
= distance from extreme compressive fiber to centroid of 
concrete tension force 
= distance from extreme compressive fiber to centroid of-
tension reinforcement 
= distance from extreme compressive fiber to centroid of 
compression reinforcement 
= concrete stress 
= compressive strength of concrete 
f = stress in tension reinforcement 
s 
f' 
s 
f . 
Sl 
f 
su 
f y 
f ys 
h 
= stress in compression reinforcement 
= steel stress at gage 
ultimate strength of reinforcing steel 
tensile strength of concrete, measured from 
splitting tests on 6 x 6-in. concrete cylinders 
= yield stress of longitudinal reinforcement 
= yield stress of transverse reinforcement 
= overall thickness of member 
= length of longest leg of stirrup 
t.. = distance between gages i and j 
I J 
n number of stirrups crossed by same inclined crack 
Pb = perimeter of reinforcing bar 
s = spacing of stirrups 
u average bond stress 
avg. 
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~ = applied deflection 
Q = constant which defines the descending slope of 
the concrete stress-strain relationship 
a = angle of rotation of axial load with respect 
to horizontal 
a shrinkage coefficient which accounts for cross 
r 
section dimensions 
= shrinkage coefficient which accounts for varying 
water/cement ratios 
y = distance from extreme compression fiber to 
centroid of concrete compressive force divided 
by depth to neutral axis 
o = elongation of reinforcement between strain gages 
o. = relative displacement between face of central 
I 
s 
c 
joint and point on reference line 10 in. from 
face 0 f j 0 i n t 
= strain in concrete 
= limiting compressive strain for unconfined concrete 
s = maximum concrete strain in compression 
max 
s. = concrete strain at which load was reversed 
ml n 
S 
n 
strain at which stress equaled zero on unloading 
curve 
s = compressive strain at ultimate compressive stress 
o 
for concrete 
S =.final shrinkage coefficient 
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= strain in tension reinforcement 
strain in compression reinforcement 
strain at which strain hardening commences 
S. = strain in reinforcement at gage 
Sl 
S 
su 
S 
v 
= strain at ultimate strength 
tensi le strain corresponding to tensile 
strength of concrete 
= tensi le strain measured in stirrup 
S = yield strain for reinforcement y 
n 
e 
p 
pi 
p" 
n 
= strain corresponding to stress of one-half 
ultimate compressive stress on descending 
portion of concrete stress-strain relationship 
= ratio of steel modulus to concrete modulus 
measured rotation over lO-in. gage length 
adjacent to central joint 
= rotation over lO-in. gage length due to bar 
pull-out. 
= coefficient of friction 
= tension reinforcement ratio 
= compression reinforcement ratio 
= (tension) reinforcement ratio which produces 
balanced conditions at ultimate strength 
= ratio of vertical shear reinforcement to 
gross area of a horizontal section 
= ratio of vertical shear reinforcement to 
gross area of a horizontal section of the 
core only 
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= measured curvature 2 in. from face of central 
joint 
<Pcr = curvature at flexural cracking 
1); shrinkage coefficient which accounts for curing 
conditions 
